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Metal nanoparticles with good adhesion to substrates are important in some practical 
applications, such as in catalysis and sensors. The deposition of nanoparticles without 
capping ligands on substrates is required, such as in catalysis and sensors. Two 
methods used to deposit metal nanoparticles without capping ligands through in-situ 
chemical reduction of their precursors are presented in this thesis. 
The first approach was a two-step method to deposit catalytic platinum (Pt) 
nanoparticles with good adhesion to substrates. This first step was to coat a layer of 
H2PtCl6 on a substrate. The second step was to cast ethylene glycol (EG) onto the 
H2PtCl6 layer and thereafter H2PtCl6 was converted into metallic Pt nanoparticles by 
heating at 160 oC for a few minutes. The Pt nanoparticles merged into a continuous Pt 
nanoparticle structure and displayed good adhesion to substrates. This continuous Pt 
nanoparticle structures were also used as the counter electrode in the dye-sensitized 
solar cells (DSSCs) and exhibited light-to-electricity conversion efficiency of 8.02% 
under AM1.5G illumination (100 mW cm-2) and good stability.  
Although nanostructured Pt could be deposited by the first method, the 
deposition was inhomogeneous due to the fluidity of EG. This method was then 
modified by using EG vapor to replace the EG solvent in the second step. The 
photovoltaic efficiency of DSSCs with Pt counter electrode prepared by the EG vapor 
reduction was much higher than that by pyrolysis when the Pt loading was quite low. 
Thus, this method could significantly reduce the Pt loading for its application as the 
counter electrode of DSSCs.  
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The method to prepare metal nanoparticles through the chemical reduction of 
metal precursors was used to in-situ deposit other nanostructured metals, including 
Au, Ag and Pd. In contrast to the 3-dimensional porous structure of porous Pt, the Au 
nanostructures appeared as separate triangular nanoplates with the (111) crystal plane 
as the basal plane. In the case of Pd, a dendritic structure was formed by the 
aggregation of Pd nanoparticles, while Ag appeared as separate islands. The different 
morphologies of the nanostructured metals were related to their different surface 
energies.  
This method was also explored to deposit nanostructured metals on graphene. 
The chemical reduction of HAuCl4 by EG vapor also gave rise to the deposition of 
nanometer truncated tetrahedron gold on rGO. The shape and size of the Au 
nanostructures could be altered by controlling the Au loading. In addition, the shape 
of the metal nanostructures could be manipulated by introducing acids during the 
chemical reduction of HAuCl4. The acids can decelerate the chemical reduction and 
control the kinetics of the growth of the metal atoms.  
This method was also explored to in-situ deposit Ag nanoparticles onto textiles 
for antibacterial applications. The Ag nanostructures demonstrated good adhesion to 
the textiles. They also exhibited excellent antibacterial activities against Escherichia 
coli (Gram-negative) and Staphylococus epidermidis (Gram-positive) bacteria, which 
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Chapter 1. Introduction 
1.1 An overview of nanostructured metals 
Nanostructured metals are metals with at least one dimension ranging between 1 to 
100 nm [1]. They can be classified into nanoparticles, nanowires and nanoplates. 
They are also characterized by a single-domain crystalline lattice, without the 
presence of complicated grain boundaries. In short, nanostructured metals appear as 
short range order materials. They have interesting properties significantly different 
from bulk materials. The size-dependent properties of nanostructured metals can be 
classified into surface phenomena (extrinsic contribution) and quantum confinement 
(intrinsic contribution). 
 
1.2 Properties of nanostructured metals 
1.2.1 Electronic structure of nanostructured metals 
The electronic properties of the nanostructured metals can be deduced in terms of the 
electronic properties of the bulk materials. In contrast to the continuous energy band 
for the bulk metals, quantum effects cause the continuous band to become discrete 




Figure 1.1. Schematic representation of the energy band levels for molecules, 
nanoparticles and bulk solid. 
 
Quantization occurs when the sample size is smaller than de Broglie 
wavelength. Since de Broglie wavelength depends on the Fermi energy, Fermi 
wavelength λF can be used to justify the existence of the quantum effect in 
nanostructured metals. The Fermi wavelength, λF is related to the Fermi energy by the 
following equation.  
 = ∗  
where h is Planck’s constant, me* is the effective electron mass and EF is the Fermi 
energy. The electrons are confined when metal size is less than λF.  In general, 
nanostructured metals can exhibit quantum confinement when the particles size is 
approximately 0.5 – 1 nm [2,3]. The electronic structure also depends on the 
dimensionality where the electronic density of states, g(E) for 3-dimension, 2- 
3 
 
   
Figure 1.2. Profile of the density state g(E) for different dimensionality [4]. 
dimension, 1-dimension and 0-dimension systems are significantly different (Figure 
1.2). For 3-D systems, the critical energy, Ej might correspond to an energy threshold 
for the onset of optical transitions. The critical energy is then defined as the energy at 
which the collision rate equals the Bremsstrahlung rate. For 2-D systems such as 
quantum wells, the Ej spectrum corresponds to different band edge energy which 
arises from the confined states in one given dimension. For the case of 1-D system, Ei 
is referred to a van Hove singularity in the density states occurring at each sub-band 
edge, where the magnitude of the electronic density of states becomes very large. For 
0-D system, the energy levels are completely discrete and thus resemble a molecular 
system [4].  
1.2.2 Optical properties of nanostructured metals 
Metals have unique optical properties compared to other materials. Most bulk metals 
appear in silver color, however, copper appears reddish while gold appears in yellow. 
This optical manifestation is due to the conduction electrons. The color becomes 
black when the diameter of the particles is less than the wavelength of light. This 
principle was actually exploited in the ancient techniques to color glass by the 
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diffusion of metal ions into the glass matrix, which subsequently form metal clusters. 
The essence of the optical properties of metals is derived by the resonant interaction 
between light and their surface free electrons at a metal-dielectric interface. 
Plasmon oscillation is a characteristic optical property of metals. Plasmons are 
free electrons collectively oscillating around the fixed positive ions in a metal induced 
by electromagnetic wave [5]. For bulk metals, the plasma frequency (ωp) is 
 =  	
 
where n is the density of the conduction electrons, ε0 is the dielectric constant of 
vacuum, e is the electronic charge and me is the effective mass of an electron.  
For light with a frequency less than ωp, the light is reflected due to the electron 
screening effect; whereas for light with frequency greater than ωp, light can transmit 
since the electrons cannot cause the screening effect. The plasma frequency of most of 
the metals is in the ultraviolet (UV) range, and hence visible light is reflected making 
the metal shiny.  
Electromagnetic waves can excite the collective oscillations of the free electrons 
on the surface. This is called surface plasmon polaritons (SPPs). SPPs are propagating 
waves on planar metal films and extend into the dielectric region (Figure 1.3a) [6]. 
For a flat macroscopic surface, additional momentum either by the patterning of a 
grafting structure on the film or by the evanescent coupling of light into the metal is 
needed to excite SPPs on the surface. The propagation distance of SPPs depends 
primarily on the absorption of the metal and the thickness and surface roughness of 
the film. Contrary to metal films, plasmon resonance of metal nanoparticles usually 
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occurs at a point or a tip where these resonant optical fields are localized (Figure 
1.3b) [6,7]. These localized surface plasmons (LSPs) resonances are highly sensitive 
to the size, shape and dielectric environment of the metal particles. They can be tuned 
from UV to near-infrared (NIR) wavelengths. 
The examples below illustrate the effects of the shape of the nanostructures on 
the UV-vis extinction.  The calculated UV-vis extinction, absorption and scattering 
spectra for nanostructured silvers in water were calculated according to the Mie 
theory [8] (Figure 1.4). As illustrated in Figure 1.4a, a 40-nm silver sphere primarily 
absorbs the blue light. The unabsorbed red and green lights give silver the yellow 
color. There are two resonance peaks on the UV-vis spectrum: the main dipole 
resonance peak at 410 nm and a shoulder at 370 nm due to weak quadrupole 
resonance. The weak quadrupole resonance arises from the energy losses. It causes 
 
Figure 1.3. Types of (a) Surface plasmon polaritons at metal-dielectric interface and 




the incident light to be non-uniform across the sphere particle. Surface polarization 
(charge separation) is the most important factor in determining the frequency and 
intensity of plasmon resonance for a given metal because it provides the main 
restoring force for electron oscillation.  On the other hand, a 40-nm silver cube 
exhibits more peaks than the sphere due to several distinct symmetries (Figure 1.4b). 
The most intense peak is red-shifted due to the presence of sharp corners in the cube 
structure. The surface charges tend to accumulate at sharp corners, increase charge 
separation and thereby reduce the restoring force for the electron oscillation. The 
weaker the restoring force, the more the resonance peak shifts to red. Similar 
observation is obtained for octahedron (Figure 1.4c). For 2D anisotropy 
nanostructures (Figure 1.4d), charge separation increases if the light is polarized along 
their long axis, thus red-shifted peaks are observed. If the corners of the nanoplates 
are snipped, the main dipole peak will show blue-shift in their UV-vis spectra [9].  
The surface plasmon of the nanostructures reacts differently for different sizes. 
Figure 1.5 illustrates the color changes of Ag nanoparticles with respect to their 
particle sizes [10]. In addition Figure 1.6 shows the UV-vis spectra of bipyramid 
silver particles with different particle sizes. The most intense dipole resonance peak of 
the 75-nm bipyramids is red-shifted from 530 nm to 742 nm as the bipyramid grows 
to 150-nm [11]. This is attributed to the increase in charge separation and energy 





Figure 1.4. Calculated UV-vis extinction (black), absorption (red) and scattering 
(blue) spectra of silver nanostructures (a) an isotropic sphere, (b) cube, (c) octahedron 
and (d) triangular plate [9]. 
 
 





Figure 1.6. UV-extinction spectra of Ag (a) 150-nm and (b) 75-nm bipyramid  [11]. 
 
1.3 Preparation of nanostructured metals 
The preparation of nanostructured metals can be generally divided into two stages: (i) 
nucleation and seeds formation and (ii) growth of seeds into nanocrystals. 
1.3.1 Nucleation 
Nucleation is the first stage of the crystallization process where the seeds form stable 
structures with a well-defined crystallinity. After the generation of the zero-valence 
metal atoms by either the chemical reduction or decomposition of the precursor, these 
metal atoms bond together to form small clusters. The clusters can be 
thermodynamically unstable and can dissolve if the radius of the clusters are smaller 
than the critical radius, r*. If the clusters overcome a critical free energy barrier 
(∆G*), they can become thermodynamically stable nuclei. The nucleation process can 
be described according to Gibbs free energy which contains two competing terms (i) 








where r is the radius of the clusters, γ is the surface free energy per unit area and ∆Gv 
is the change in free energy between solute atoms in solution and bulk crystal per unit 
volume (Figure 1.7) [12]. 
When the concentration of the metal atoms reaches the supersaturation point, the 
atoms start to aggregate into small clusters. These nuclei will then grow larger until 
the equilibrium state is reached between the atoms on the surface and the atoms in the 
solution.  
 
Figure 1.7. Illustration of surface energy, γ (green), volume free energy, Gv (blue) and 
overall excess free energy, ∆Gr (red) [12]. 
 
These nuclei can then grow into nanocystals. However, they cannot be observed 
by electronic or optical microscopy. It is assumed that the nuclei have packing 
structures that are different from the bulk and often lack translational periodicity. 
They prefer dense packing with a large number of nearest neighbors and a small 
surface-to-volume ratio that lead to geometrically closed structure with the occurrence 
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of the magic number of atoms. In principle, 10n2+2 atoms need to make the nth shell 
for a cluster with the densest packing of atoms (Figure 1.8) [13, 14].  
The clusters can grow into well-defined structures which are called seeds. The 
seeds can have single-crystal, single-twinned, multiple twinned or plate with stacking 
faults structures. These seeds will evolve into nanocrystals with different shapes. Both 
the thermodynamical and kinetical factors can affect the shape of the nanocrystals. 
 
Figure 1.8. Ideal full-shell metal clusters with “magic number” of atoms. [14]. 
 
1.3.1.1 Thermodynamic control 
A seed which is thermodynamically stable should satisfy the minimum total 
interfacial free energy of a system with a given volume. The interfacial free energy, γ 





where Nb is the number of broken bonds, ε is the bond strength and ρa is the density 
of the surface atoms. The surface energies of the low-index crystallographic facets for 












The sequence of the surface energies is γ[111] < γ[100] < γ[110]. Hence, a single-
crystal seed should take an octahedral or tetrahedral shape in order to maximize the 
[111] facets which have the lowest surface energy. Table 1.1 shows some of the 
surface energies for Pt, Au, Pd and Ag. 
Table 1.1. The surface energies of some FCC metals [16]. 
 
1.3.1.2 Kinetic control 
By reducing the decomposition or reduction processes, the nuclei tend to have random 
hexagonal close packing, along with the formation of stacking faults [17]. These 
nuclei will typically take the shapes deviated from those favored by thermodynamics. 
The stacking faults or twin planes can lead to the formation of a plate-like seed where 
the top and bottom surfaces are covered by {111} facets [14]. Such a plate-like 
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structure has a relatively large surface area which results in an extremely high total 
energy. In this case, this formation of this plate-like structure is not 
thermodynamically favorable. In order to obtain plate-like seeds, both of the 
nucleation and growth processes should deviate from thermodynamically controlled 
pathways. This can be achieved by (i) slowing down the reduction or decomposition 
of precursors [18], (ii) using a weak reduction agent [19], (iii) coupling the reduction 
to an oxidation process [20] and (iv) promoting the Ostwald ripening effect [21]. 
However, the key modulator for the formation of plate-like structures is to keep the 
metal atoms in an extremely low concentration from growing autocatalytically into 
polyhedral structures. To further maintain the plate-like seed, the atoms should be 
added to the edges of a planar cluster [14]. 
1.3.2 Growth of nanostructured metals 
After the initial formation of the seeds, growth can be further promoted through the 
addition of the reduced metal atoms to the surface of the seeds. The adatoms diffuse 
around on the surface until meeting a step where they can be incorporated into the 
seed. Two competing factors, the growth and the dissolution processes, contribute to 
the overall stability of a crystal. The growth process will be favorable as it reduces the 
bulk energy. However, it will also increase the surface energy, which will then 
promote the dissolution process instead. Figure 1.9 summarizes the relationships 
between the different types of seeds and the final nanostructures of an FCC metal.  
 
1.4 Synthesis methods of nanostructured metals 
1.4.1 Hydrothermal and solvothermal 
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The hydrothermal process involves a heterogeneous reaction which takes place in 
aqueous solvents under high temperature and pressure conditions [22-24]. The 
solvothermal method, on the other hand, makes use of non-aqueous solvents. Both 
techniques are easy, template-free and can be used to synthesize a wide variety of 
metal nanostructures. Single metal or bimetallic nanostructures can be fabricated in 
one-step processes, which are simple and reproducible. However, there are stringent 
requirements for the hydrothermal and solvothermal equipment. Both processes occur 
in closed systems, typically in Teflon lined autoclaves enclosed in stainless steel 
vessels. The autoclaves are required to withstand the high temperature and 
highpressure experimental conditions. To eliminate the need for such sophisticated 
equipment, an electrochemical deposition method can be employed to synthesize and 





Figure 1.9. Different shapes of FCC metal nanocrystals. The green, orange and purple 
colors represent the {100}, {111} and {110} facets, respectively. Twin planes are 
delineated with red lines. The parameter R is defined as the ratio between the growth 
rates along the <100> and <111> directions [14]. 
 
1.4.2 Electrochemical deposition 
Electrodeposition of metal nanostructures requires the use of a two- or three-electrode 
electrochemical system with the electrolyte serving as the source of the metal. The 
electrode should be conductive to allow the transportation of ions. The deposition 
process occurs by controlling either the electrode potential or the current density of 
the electrochemical cell. This versatile method allows the formation of thin films 
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consisting of nanoparticles [25-27], nanowires and nanorods [28-30]. Diverse 
electrochemical techniques, such as choroamperometry, cyclic voltammetry, potential 
step and potential pulse, can be used to facilitate the deposition of metal 
nanostructures onto electrodes.  
Electrodeposition is a simple and versatile method for fabricating various metal 
nanostructures. The morphology, particle size, metallic composition can be fine-tuned 
with precursor solutions and deposition conditions. However, this method requires a 
conducting electrode whereby glass and plastic substrates are not feasible. Therefore, 
an electroless deposition method is introduced to replace this electrodeposition 
technique. 
1.4.3 Electroless deposition 
Electroless deposition is the most straightforward and efficient method used to 
fabricate a variety of metal nanostructures. This method involves the reduction of 
metals salts in an open system. The processes can occur in acidic, basic or neutral 
aqueous solutions in the presence of a reducing agent. Several reduction agents such 
as polyol, sodium borohydride and hydrazine can be used to reduce metal ions into 
zero-valence metals. Amongst them, the polyol synthesis is the most widely adopted 
reducing method.  
1.5 Polyol synthesis of nanostructured metals 
The polyol synthesis method was developed by Fievet et. al in 1989 in the M. 
Figlarz’s laboratory [31].  A generic polyol process consists of metal precursors and 
polyol. The metal precursors can be hydroxides, oxides or salts such as Ni(OH)2, CuO 
and AgNO3. Polyols are non-aqueous solvents which have relatively high 
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permittivities to dissolve a wide range of ionic and inorganic solids. The chemical 
structures of typical polyols are illustrated in Figure 1.10.  
In this process, a metal precursor is suspended in a liquid polyol. The 
suspension is stirred and heated to a certain temperature close to the boiling point of 
the polyol. The reduction process of the metal precursor is completed in the solution 
where the metal particles are formed by nucleation and growth (Figure 1.11). 
 




Figure 1.11. Schematic drawing of the metal particle formation through polyol 
synthesis route. 
1.5.1 Mechanisms of particle formation in the polyol synthesis process 
The polyol process involves a redox reaction between the metallic precursor and the 
solvent. The reduction potential for metals species follows the sequence from AuCl4-, 
Ag+, PtCl62- to Pd(NH3)42+ (Figure 1.12). In order to create a spontaneous reaction, 
the oxidation potential of ethylene glycol (EG) must be lower than the metal reduction 
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potential. In principle, none of the metal salts can be spontaneously reduced by EG at 
room temperature since the reduction potentials of all the metal precursors are lower 
than the oxidation potential of EG. Nevertheless, the reduction of the metal precursor 
can occur through kinetic contributions (overpotential). Overpotential arises from the 
experimental conditions. In the polyol process, the energy barrier which opposes the 
metal reduction can be reduced by supplying thermal energy to the system. The 
energy barrier decreases with increasing temperature. When the oxidation potential of 
EG coincides with the reduction potential of the metal species, chemical reduction of 
the metal species takes place [32]. The polyol process is based on the simultaneous 
chemical reduction of a metal species and the oxidation of polyol (EG). The reaction 
temperature is important as it determines if a metal species will be chemically reduced 
by EG and the temperature also controls metal nucleation and particle growth.  
The general polyol reduction process of metal precursors such as PdCl4
2-
 by EG 
can occur in two steps as follows [33]: 
2HOCH2CH2OH → 2CH3CHO + 2H2O 




Figure 1.12. Schematic drawing of the metal particle formation through the polyol 
synthesis route [32]. 
 
1.5.2 Additives involved in the polyol synthesis process 
During the polyol synthesis process, additives can be added to control the synthesis of 
the metal nanostructures, via oxidative etching or surface capping. Oxidative etching 
is a process whereby the zero valent metal atoms are oxidized back to ions [34]. 
FeII/FeIII species are well-known etchants for noble metals. By introducing these 
species into the polyol synthesis process, FeIII can oxidize Pd(0) to Pd(II) through the 
following reactions [33]: 
Fe3+ + e-→ Fe2+                       E°= 0.77V 
PdCl42- + 2e-→ Pd + 4Cl-            E°= 0.59V 
Surface capping is another method to produce different shapes of nanostructured 
metals. Capping agents change the order of free energies for the different 
crystallographic planes through their chemical interactions with the metal surfaces. 
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One of the most popular capping agents is polyvinylpyrrolidone (PVP). The oxygen 
atoms of PVP bind strongly to the {100} facets of the metal particles and this causes 
the metal atoms to be added to the poorly passivated {111} facets [70]. This will 
result in the elongation of the {100} facets and the formation of nanocubes. 
1.5.3 Advantages of the polyol synthesis method 
Polyol synthesis is a low-cost solution-based method. It involves low processing 
temperatures and through the use of metastable phases or structures, diverse metal 
nanostructures can be fabricated. The morphology of the nanostructures can be altered 
by controlling the concentrations of capping agents, precursors and reducing agents as 
well as the reaction conditions. In view of these advantages, this thesis revolves 
around the modification and adoption of the polyol synthesis method to synthesize 
and deposit diverse metallic nanostructures.  
 
1.6 Applications of nanostructured metals 
Metal nanostructures are widely found in technologies such as solar cells, fuel cells, 
lithium ion batteries, supercapacitors and smart textiles. In such applications, the 
nanocrystals of noble metals (e.g. platinum, palladium and gold) are most commonly 
used as catalysts due to the large surface-to-volume ratio which can minimize costs 
associated with their usage. These nanocrystals are able to speed up the rate of 
oxidation, cross-coupling, electron transfer and hydrogenation reactions. In addition, 
nanostructured materials such as silver (Ag), magnesium oxide (MgO) and aluminum 
oxide (Al2O3) are introduced into textiles for antimicrobial purposes against nearly 
650 types of bacteria. With the advancement of current technology and the emergence 
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of growing science such as dye-sensitized solar cells (DSSCs) and fuel cells, the 
demand for noble metal nanostructures will only keep increasing. 
In this thesis, the application of nanostructured materials in catalysis focuses on 
the DSSCs and fuel cells. The coating of nanostructured Ag onto textiles for 
antimicrobial purposes will also be studied. 
1.6.1 Dye-sensitized solar cells (DSSCs) 
DSSCs [36] are photoelectrochemical cells which do not rely on a well-defined 
traditional p-n junction to separate the photogenerated charge carriers but rather they 
form a “bulky” junction for charge separation. Figure 1.13 depicts the architecture of 
a DSSC with liquid electrolyte. Compared to the traditional photoelectrochemical 
solar cells, the absorption of light spectral by TiO2 can be extended to visible light by 
sensitization with a dye. The free charge carriers are generated by the excited dye 
rather than TiO2 in DSSCs. In general, there are four major parts in a DSSC: (a) A  
mesoporous working electrode, which is usually made of a nanocrystalline 
semiconductor oxide, in most cases TiO2; (b) A monolayer of dye that is chemically 
attached to the mesoporous working electrode, and can absorb sun light; (c) An 
electrolyte, which consists of a redox pair to regenerate the dye and solvent; (d) A 
counter electrode on which the redox pair regenerates. Light absorption stimulates the 
electron transition from the HOMO to the LUMO of the dye. The electron on the 
LUMO will then inject into the conduction band (CB) of the oxide when the LUMO 
has an energy level higher than that of CB. The injected electrons will be transported 
across the oxide film to the external load through percolation. Following which, the 
electrons are again injected into the cell through the counter electrode (CE). In most 
cases, an electrolyte containing iodide/triiodide redox couple is filled in between the 
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working electrode and CE. The iodide/triiodide redox mediator is used to regenerate 
the photoexcited sensitizer. The regeneration of dye is completed with the transfer of 
electrons from the iodide ions to the dye cations and the oxidation of the iodide ions 
to triiodide. The electrons supplied by the CE are then used to reduce the triiodide 
back to iodide ions. 
CEs are important in returning the mediator from the oxidation state to the 
reduction state. For open circuit, the theoretical maximum voltage of DSSCs is 
proportional to the difference between the redox potential of the mediator and the 
Fermi level of the semiconductor. However, under illumination, the counter electrode 
potential is less than the open circuit voltage due to the losses induced by mass 
transfer overpotential and kinetic overpotential. The kinetic overpotential is 
determined by the electrocatalytic properties of the counter electrode surface towards 
the mediator reduction [37]. 
 




Platinum [37,38] has been the most popular material as the counter electrode in 
DSSCs, due to its catalytic and conductive properties. However, the use of platinum 
remarkably increases the cost of DSSCs. In addition, it was observed that platinum 
detached from the substrate after a long time in the electrolyte of DSSCs. Alternating 
materials, including activated carbon [39,40], carbon nanotubes [41,42], composites 
of carbon nanotubes and polymers [43], and conducting polymers [44], have been 
investigated as the counter electrode in DSSCs. Amongst these materials, thermally 
produced nano-sized platinum counter electrode exhibits the most promising 
conversion efficiency due to its superior catalytic properties and corrosion resistance 
over in the organic solvent electrolyte. 
1.6.2 Fuel cells  
A fuel cell is an electrochemical device consisting of an electrolyte, an anode and a 
cathode which continuously converts the chemical energy of fuel directly into 
electrical energy. There are various types of fuel cells available in the market, for 
examples, direct methanol fuel cells, alkaline fuel cells, proton exchange membrane 
fuel cells (PEMFC) and solid oxide fuel cells (SOFC). The different fuel cells are 
distinguished according to the types of electrolytes used. 
The operating principle of fuel cells is to convert chemical energy from fuels 
such as hydrogen, ethanol, methanol, gasoline, diesel and formic acid into electrical 
energy.  In principle, fuel cells comprise an anode, where oxidation occurs, a cathode, 
where reduction occurs, and an electrolyte, where ions transport the current between 
the electrodes (Figure 1.14). Fuel cells operate through the reaction between oxygen 
and hydrogen causing an explosion with high efficiency and low emissions of 
pollutants in the atmosphere [45]. The fuel in fuel cells is hydrogen gas or other 
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hydrocarbons that can be converted into hydrogen. For a typical acidic electrolyte, the 
electrode reactions in a fuel cell are 
Anode:   H2 + 2e → 2H+ 
Cathode:  O2 + 2H+ + 2e → H2O2 
H2O2 + 2H+ + 2e → 2H2O 
Overall:  O2 + 4H+ + 4e → 2H2O 
At the cathode, oxygen undergoes a two-step indirect reduction. The H2O2 
intermediate is corrosive toward the carbonaceous electrodes and hence a catalyst is 
needed to immediately decompose the H2O2. Similarly, a catalyst is required at the 
anode to enhance H2 dissociation rate. The electrodes are typically noble metals such 
as platinum or platinum alloys. Platinum is very expensive, therefore the amount used 
(catalyst loading) is a significant factor for cost reduction in fuel cells manufacturing. 
The electrodes of fuel cells must satisfy two requirements:  
(i) high catalytic activity in order to obtain high current densities and  
(ii) controlled porosity.  
Nanostructured porous platinum are favorable fuel cell electrodes as they 




Figure 1.14. Schematic drawing of the fuel cell operation. 
 
1.6.3 Antimicrobial 
Microbial infection has gained concerns in various fields such as medical devices, 
textiles, food packaging and storage [46]. Silver is known to exhibit exceptional 
antibacterial efficacy where it is effective against nearly 650 types of bacteria 
including Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) (Figure 
1.15) [47]. Due to the remarkable properties, the mechanism of antibacterial activities 
of Ag has been extensively studied. Firstly, Ag will bind to the cell membranes 
through absorption. Since Ag is susceptible binding to electron donor such as amino, 
Ag will inactivate membrane related enzymes, thus resulting in denaturation of the 
bacteria cells. The key mechanism of Ag in inhibiting the bacterial growth is through 




Figure 1.15. SEM images of (a) Escherichia coli (E. coli) and (b) Staphylococcus 
aureus (S. aureus) [49,50]. 
 
1.7 Objectives and thesis outline 
Nanoparticles have been attracting much attention owing to their unique size-related 
structure and properties, such as quantized electronic structure and high specific 
surface area [51-53]. They can bring strong impact to many areas, including catalysis, 
electronics, and biological technologies. Great progress has been made in preparation 
and characterization of nanoparticles, and many important applications have been 
demonstrated. Most of the methods reported in the literatures generate metal 
naoparticles capped with organic ligands that can be dispersed in solvents, while the 
stabilization of nanoparticles without capping ligands on substrates are required for 
some applications, such as in electronic devices and catalysis of some chemical 
reactions [54-56]. These applications are severely impeded by the lack of methods to 
effectively deposit nanoparticles on substrates by solution processing.  
Extensive research has been carried out in investigating platinum (Pt) 
nanoparticles, including preparation, characterization, and their catalytic properties, 
because Pt is an effective catalyst for many important chemical reactions, particularly 
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in some energy-related electrochemical systems, such as in fuel cells and 
photoelectrochemical cells [57,58]. The chemical reduction of Pt precursors in 
solution is the most popular way to prepare Pt nanoparticles. Their size and shape can 
be well controlled by precisely controlling the experimental conditions. The Pt 
nanoparticles prepared in solution are usually capped with a layer of organic ligand, 
which prevents the Pt nanoparticle from aggregation. But the capping organic ligand 
can lower their catalytic capability [59, 60]. Moreover, Pt nanoparticles need to be 
immobilized on a supporter, when they are used as the catalyst for electrochemical 
reactions or chemical reactions taking place not in solution. The supporter should be 
conductive for the electrochemical catalysis. Usually, a post-nanoparticle process is 
carried out to immobilize the Pt nanoparticles on a supporter, because Pt nanoparticles, 
by reducing their precursors in solution, have poor adhesion to the substrates [61]. 
Recently, graphene has attracted considerable attention owing to its unique two-
dimensional structure comprised of sp2-hybridized carbon atoms [62-64]. It has 
potential to be basic building blocks for new hybrid materials. Recently, hybridization 
of graphene with functional nanomaterials can render new properties and functions to 
graphene. For example, graphene decorated with metal nanoparticles have important 
applications in catalysis [65,66], sensors [67,68] and energy storage [69,70]. 
Graphene can be prepared by chemical vapor deposition, mechanical exfoliation of 
graphite and chemical reduction of graphene oxide (GO). The chemical reduction of 
GO is regarded as a cost-effective way to produce graphene on large scale.   
Extensive studies have been carried out to deposit metal nanoparticles on rGO. 
Several methods were reported, such as metal evaporation and chemical reduction of 
metallic salts in solution. However, it is still a big challenge to anchor metal 
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nanoparticles with well-controlled shape, size, density and uniformity on rGO [71,72]. 
Although continuous Au thin films or discrete Au islands can be deposited on rGO by 
magnetron sputtering of Au, it is difficult to control the size and the shape of the Au 
islands [73]. Thus, most research has focused the deposition of nanometer metals 
through solution process [74-76]. Two methods have been reported. The first method 
is the simultaneous reduction of metal precursors and GO in solution by reducing 
agents like NaBH4, ethylene glycol and sodium citrate. The metal precursors turn into 
metal nanoparticles on rGO. Simultaneous chemical reduction of GO and metal salts 
into rGO/metal nanoparticles composite results in the form of precipitates or 
aggregates [129]. As a result, this method is not practical for film processing of metal 
nanoparticle/rGO composite since additional dispersion and coating processes of this 
metal nanoparticle/rGO composite is needed to form a film on substrates.  
To overcome the limitation of this method in preparing the metal 
nanoparticles/rGO composites, the second method to prepare metal nanoparticles/rGO 
composites is through the attachment of graphene onto a substrate prior to incorporate 
the metal nanoparticles on rGO film. However, the incorporation of metal 
nanoparticles on graphene requires certain linkers, such as organic molecules to bind 
metal nanoparticles on graphene planes [77-79]. 
In addition, materials with antimicrobial functionalities are highly desired in a 
variety of applications such as medical devices, textiles, food packaging and even 
storage containers [46, 80-83]. Particular attention is paid to textile materials due to 
its potential applications in wound dressings, as sterile bed-linens for hospital and 
surgical use and also as hygienic textiles for sportmen. Cotton textiles are normally 
used due to its imparted feel and its affordability. The hygroscopic properties of 
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cotton cellulose fibers are known and this is thought to contribute to increase fungal 
and bacterial growth on textiles. While a laundering process can offer a first level of 
control, the functionalisation of cotton textiles with nanoparticles to impart anti-
bacterial functionalities would be highly advantageous.  
Silver (Ag) and silver ions (Ag+) are known to exhibit exceptional antibacterial 
efficacies and offer a route to the functionalisation of cotton textiles [84,85]. To date, 
it has been found that Ag is effective against nearly 650 types of bacteria including 
Gram-negative ones such Escherichia coli (E. coli) to Gram-positive ones like 
Staphylococcus aureus (S. aureus) [47]. The killing mechanism is only partially 
understood due to their complicated interactions between Ag and bacterial.  
Owing to the high specific surface area of nanostructured Ag, an exceptional 
low loading of Ag can achieve the same or even better result than bulk Ag [85]. There 
are several reported methods to attach Ag nanoparticles onto textile. One commonly 
used method is through the use of ultrasonic irradiation [47,86-88]. In this case, 
AgNO3 is reduced into Ag nanoparticles in solution in the presence of a reducing 
agent and fabric under an ultrasonication process. The force created by the 
ultrasonication process help to functionalise the fabric with the Ag nanoparticles. The 
Ag nanoparticles are then impinged onto the fabric through a localized melting of the 
Ag on the fabric. Whilst this process is highly effective, the methodology would not 
be scalable if large sections of textiles are used.  
Other methods include constant pressure padding [89,90] require the Ag 
nanoparticles to be first synthesized and suspended as a colloidal solution. Textile was 
dipped into the colloidal solution. Padding was performed to the textile at the constant 
pressure. This method involves the reduction of Ag ions to metallic Ag nanoparticles 
in a solution containing both the precursor and reducing agent. One of the main 
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disadvantages of solution reduction of Ag nanoparticles is that there is a high 
tendency for the Ag nanoparticles to agglomerate, hence surfactants or stabilizers are 
usually needed to prevent such agglomeration from occurring. However, the use of 
surfactants, stabilizers or additives may introduce unnecessary impurities in the final 
product, affecting the efficiency of Ag nanoparticles as an antimicrobial agent on 
fabric.  Usually, a post-attachment of Ag nanoparticles on fabric have poor adhesion. 
In order to enhance the binding of the Ag nanoparticles on textile, 
ethylenediaminetetraacetic acid (EDTA) dianhydride which has chelating ability 
towards metal ions is pretreated on the fabric [91-93]. However, such pretreatment on 
the textiles has consumer safety and health issues. Therefore, this approach has not 
been adopted for commercial production.  
Other method such as corona treatment is pretreated on textile to facilitate Ag 
loading on textile [94]. Corona treatment of fabrics was carried out at atmospheric 
pressure by placing the fabric on the electrode roll. Corona discharge is generated by 
applying a low frequency or pulsed high voltage over a pair of electrodes. The treated 
fabric is then immersed into Ag colloidal solution for 2 hr. Corona treatment can 
increase the hydrophilicity of the fibers which enhances the binding efficiency of 
nanoparticles from water-based colloidal solution. Nevertheless, this method requires 
prolonged reaction times for the particles to form onto the textiles. 
On the basis of this understanding, a simple method to deposit metal 
nanoparticle structure on various substrates with good adhesion and high coverage by 
solution processing and chemical reduction of a Pt precursor was developed. 
Furthermore, this method is then modified to prepare a controlled-synthesis of diverse 
nanostructures on substrates and deposit noble metal nanostructures on different 
substrates such as graphene film and textiles. 
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In this study, two novel methods, a two-step polyol reduction and a polyol vapor 
reduction, have been developed which enable the in-situ synthesis and deposition of 
nanostructured metals onto substrate without the presence of surfactants or binding 
agents. The results of this present research may open up a novel in-situ synthesis and 
deposition of diverse noble metal nanostructures onto various kinds of substrates. 
  The scope of this study focus on the synthesis of platinum, gold and silver 
nanostructures since these noble metal nanostructures are widely used in many 
applications. The emphasis is also on the development of a vapor reduction method to 
prepare various shapes and morphologies of nanostructures. In addition, most of the 
important experimental conditions, for example, precursor loading, time and 
temperature will be investigated. The applications of these nanostructures in DSSCs, 
fuel cells and antimicrobial will also be studied. 
This thesis can be separated into seven chapters. Chapter 1 provides a general 
background of nanostructured materials, as well as recent developments in their 
synthesis and current applications.  
Chapter 2 covers the first method to prepare a porous Pt film via two-step polyol 
reduction. Chapter 3 introduces the polyol vapor reduction method by ethylene glycol 
vapor. The formation of the different morphologies of nanostructured metals such as 
platinum, gold, silver and palladium is also discussed.  
Chapter 4 focuses on the use of extremely low Pt loading as counter electrodes 
in DSSCs. The ethylene glycol vapor deposition method has opened up a new avenue 
to further reduce the amount and cost in DSSCs fabrication while maintaining the 
good performance of DSSCs. 
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The deposition of nanostructured gold on graphene films is presented in Chapter 
5 while the deposition of nanostructured silver on cotton textile is covered in Chapter 
6. Lastly, Chapter 7 summarizes up the thesis with a concluding summary and 




Chapter 2. Attachment of Platinum Nanoparticles to 
Substrates by Coating and Polyol Reduction of A Platinum 
Precursor 
2.1 Introduction 
A simple method to deposit continuous Pt nanoparticle structure on various 
substrates with good adhesion and high coverage by solution processing and chemical 
reduction of a Pt precursor was developed here. The metal nanoparticles had good 
adhesion to various substrates, including fluorine-doped tin oxide (FTO), indium tin 
oxide (ITO), or poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS), which are conductive and transparent and are widely used in many 
systems. The good adhesion is attributed to the deposition of the Pt nanoparticles with 
high surface energy and the disappearance of solvent shortly after the Pt nanoparticle 
formation. The deposition was carried out at a relatively low temperature, so that it 
was also suitable for the fabrication of the Pt nanoparticles on flexible substrates like 
polymers. In addition, we demonstrated the application of these Pt nanoparticles as 
the catalyst for electrochemical reactions, including oxidation of methanol and 
reduction of triiodide that is the chemical reaction at the counter electrode of dye-
sensitized solar cells (DSSCs). 
 




FTO glass with a sheet resistance of 15 Ω sq-1 and polyethylene terephthalate coated 
with ITO (ITO/PET) with a sheet resistance of 45 Ωsq-1 was purchased from Nippon 
Sheet Glass Co. Ltd. and Sigma Aldrich, respectively. Other chemicals, including EG 
and chloroplatinic acid hexahydrate H2PtCl6·6H2O (≥ 37.5% Pt basis) were obtained 
from Sigma-Aldrich. All chemicals were used as received. 
2.2.2 Deposition and characterization of Pt nanoparticles 
In a typical experiment, a layer of H2PtCl6 was formed by drop casting 15 µL ethanol 
solution 0.01 M of H2PtCl6 on a FTO glass substrate of 1.9 × 1.9 cm2 at room 
temperature. The solvent vaporized shortly, and a H2PtCl6 layer was formed on the 
substrate. The H2PtCl6 layer was further dried at 80 oC for 10 min. After cooling to 
room temperature, 35 µL EG was drop cast on the H2PtCl6 layer. The H2PtCl6 layer 
turned into metallic Pt after heating at 160 oC for 15 min. Scanning electron 
microscopic (SEM) images were taken using a Zeiss Supra 40 field emission scanning 
electron microscope, and energy dispersion X-ray spectra (EDX) were acquired with a 
Hitachi S-4100 scanning electron microscope. X-ray photoelectron spectra (XPS) 
were obtained using an Axis Ultra DLD X-ray photoelectron spectrometer equipped 
with an Al Kα X-ray source (1486.6 eV). 
2.2.3 Electrochemical catalysis of Pt nanoparticles 
Cyclic voltammetry (CV) was used to study the electrochemical catalysis of Pt 
nanoparticles on the methanol oxidation. The experiments were carried out in a three-
electrode cell with an Autolab PGSTAT302N potentiostats. A continuous Pt 
nanoparticle structure, a saturated calomel electrode (SCE), and a platinum plate were 
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used as the work, reference, and counter electrode, respectively. The electrolyte 
consisted of 0.5 M CH3OH and 0.5 M H2SO4. The potential scan rate was 20 mV s-1. 
2.2.4 Deposition of Pt nanoparticles 
Pt nanoparticles were deposited on conductive FTO glass by a two-step process at a 
relatively low temperature. The first step was to prepare a layer of H2PtCl6 on FTO 
substrate by drop casting a solution ofH2PtCl6. An organic solvent with low boiling 
point like ethanol was used to obtain a H2PtCl6 layer with good uniformity. In a 
typical experiment, 15 µl ethanol solution of 0.01 M H2PtCl6 was drop cast on a FTO 
substrate of 1.9 × 1.9 cm2 at room temperature. Ethanol quickly vaporized, and a 
yellow H2PtCl6 layer was formed on the FTO glass. It was further dried at 80 oC for 
10 min. The average H2PtCl6 amount was 17.0 µg cm-2 on FTO glass. In the second 
step, 35 µl ethylene glycol (EG) was drop cast on the H2PtCl6 layer. EG did not 
dissolve H2PtCl6 at room temperature but it could wet and penetrate into the solid 
H2PtCl6 layer. The EG amount was 9.7 µl cm-2. During heating from room 
temperature to 160 oC, H2PtCl6 dissolved in EG. EG disappeared in about 15 min, and 
metallic Pt was obtained on FTO. The chemical conversion is the result of the 
chemical reduction of H2PtCl6 by EG [95]. 
2.2.5 Fabrication and characterization of dye-sensitized solar cells (DSSCs) 
with Pt nanoparticles as counter electrode 
Titania paste-T series and the dye, cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-
dicarboxylato)ruthenium(II)-bis(tetrabutylammonium) (N-719), was purchased from 
Solaronix. Titania paste-18NR-T and titania paste-WER4-O were obtained from 
Dyesol. Other chemicals, including tertbutyl pyridine, guadinidium thiocyanate, 1-
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methyl-3-propylimidazolium iodide, acetonitrile, valeronitrile, iodine and tert-butanol 
were purchased from Sigma Aldrich and used as received. 
DSSCs were fabricated through the conventional process.[96, 97] The working 
electrode, which was a mesoporous TiO2 layer and had a thickness of ca. 15 µm, was 
fabricated by coating titania paste T-series and paste-18NR-T through doctor blade on 
a glass coated with fluorine-doped tin oxide (FTO). The TiO2 paste on FTO glass was 
heated at 125 oC for 6 min. Subsequently, a layer of titania paste-WER4-O consisting 
of TiO2 particles with a diameter of ca. 350 nm was coated on the work electrode. 
This layer had a thickness of ca. 5 µm and served as the light scattering layer. After 
heating at 125 oC for 6 min, the working electrodes together with the scattering layer 
were sintered at 500 oC for 30 min. The sintered TiO2 was cooled to 80 oC, and was 
immersed in a 0.5 mM N-719 dye solution in acetonitrile/tert-butanol (volume ratio: 
1:1) for 22-24 h. The dye-impregnated TiO2 electrode was assembled and sealed with 
a counter electrode with a Solaronix sealing foil of 25 µm in thickness. The cells were 
filled with a liquid electrolyte comprising 0.6 M 1-Methyl-3-propylimidazolium 
iodine, 0.03 M I2, 0.1 M guadinidium thiocyanate, and 0.5 M 4-tert-butyl pyridine in 
acetonitrile/valeronitrile (volume ratio = 85:15). The Pt nanoparticles on FTO glass 
fabricated by the solution processing and chemical reduction were used as the counter 
electrode of DSSCs. 
The photovoltaic performance of the devices was measured with a computer-
programmed Keithley 2400 sourcemeter under Newport’s Oriel class A solar 
simulator, which simulated the AM1.5 sunlight with energy density of 100 mW cm-2 
and was certified to the JIS C 8912 standard. The incident photo-to-current efficiency 
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(IPCE) was measured by irradiating the working electrode with different wavelengths 
scanned by a monochromator. 
Electrochemical impedance spectroscopy (EIS) was performed on DSSCs under 
1.5 AM illumination with electrochemical station Autolab potentiostat 302.N and 
FRA2. The frequency range was from 100 KHz down to 0.05 Hz, and the amplitude 
of the ac voltage was c10 mV. A bias of 0.71 V was applied on the DSSCs during the 
EIS study. The charge-transfer resistances were obtained by fitting the ac impedance 
data with the Z-view program. 
 
2.3 Results and discussion 
2.3.1 Characterization of Pt nanoparticles 
The chemical conversion from H2PtCl6 to metallic Pt was confirmed by XPS (Figure 
2.1). The two Pt4f bands observed at 75.9 and 72.5 eV for H2PtCl6 shift to 74.0 and 
70.9 eV after this process. The latter binding energies indicate metallic Pt [98]. The 
chemical conversion of H2PtCl6 into metallic Pt was further confirmed by EDX 
(Figure 2.2). No Cl (2.621 keV) was observed on the EDX of Pt prepared 
fromH2PtCl6, and the Si, Sn, and O bands in EDX were originated from the FTO glass 
substrate. Hence, H2PtCl6 completely converted into metallic Pt by this two-step 
process. 
Figure 2.3 shows the SEM images of Pt structures on FTO glasses deposited 
from different amounts of H2PtCl6 through such a process. Many Pt nanoparticles 
appeared on the FTO glass. They formed continuous networks and could cover the 
whole FTO glass substrate when the H2PtCl6 amount before the conversion was  
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21.3 µg cm-2. These Pt structures are different from the dendritic metals. The 
coverage of the FTO substrate decreased with the loweringH2PtCl6 amount. They 
covered only  
























Figure 2.1. XPS spectra of (a) H2PtCl6 and (b) Pt nanoparticles by reducing H2PtCl6 
of 17.0 µgcm-2 with EG of 9.7 µlcm-2 at 160 oC. 
























Figure 2.2. EDX spectrum of Pt nanoparticles deposited on FTO glass by reducing 
H2PtCl6 of 17.0 µg cm-2 with EG of 9.7 µl cm-2 at 160 oC. 
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part of the substrate when the H2PtCl6 amount was lowered to 8.5 µg cm-2. The Pt 
nanoparticles were extremely small to be observed when the H2PtCl6 amount was 6.0 
µg cm-2. The structure observed on the SEM image in Figure 2.3c is mainly due to 
the FTO substrate. But the presence of metallic Pt on FTO glass was detected by 
EDX. The morphology of the Pt nanoparticles is quite different from the 
nanostructured metal films reported in the literature, which are made of metal grains 
prepared from solution of metal precursors [99-101]. 
Besides on the coverage of the substrate, the H2PtCl6 amount also had an 
effect on the morphology of the Pt nanoparticles. SEM images with a higher 
magnification were taken on Pt nanoparticles deposited from different H2PtCl6 
amounts. As shown in Figure 2.4, the morphology of the Pt nanoparticles was 
sensitive to the ratio of EG to H2PtCl6. Different Pt particle sizes and size 
distributions were observed. The Pt nanoparticles deposited from 21.3 µg cm-2 
H2PtCl6 had an average diameter of about 90 nm. Small Pt particles with an average 
diameter of about 20 nm could be observed, when the H2PtCl6 amount was reduced to 
17 µg cm-2. There were relatively more small Pt nanoparticles, when the H2PtCl6 
amount was further lowered to 12.8 µg cm-2. However, the Pt nanoparticles prepared 
from 8.5 µg cm-2 H2PtCl6 were quite similar to that from 21.3 µg cm-2 H2PtCl6, that is, 
most of the Pt nanoparticles had a large size. When the H2PtCl6 amount was lowered 
to 6.0 µg cm-2, Pt nanoparticles were less than 10 nm and attached to the grains of the 
FTO substrate (Figure 2.4e). It is worth to point out that Pt nanoparticles less than 10 
nm were observable for the Pt nanoparticles deposited from the H2PtCl6 amount of 8.5 





Figure 2.3. SEM images of Pt nanoparticles on FTO glasses with a low 
magnification. The Pt nanoparticles were deposited by reducing H2PtCl6 of (a) 21.3 
µg cm-2, (b) 8.5 µg cm-2, and (c) 6.0 µg cm-2 with EG of 9.7 µg cm-2 at 160 oC during 
the fabrication. 
 
The cross section of the Pt nanoparticle structures was studied by SEM as well 
(Figure 2.5). Only the images for the Pt nanoparticle deposition from the H2PtCl6 
amounts of 17.0 µg cm-2 and 8.5 µg cm-2 are shown, because the surface SEM images 
of these two Pt nanoparticle structures are saliently different. The cross-sectional 
SEM images indicate the networks of Pt nanoparticles along the vertical direction, 
which have good contact with the FTO substrates. These two SEM images also 
confirm the different sizes between the two Pt nanoparticle structures prepared from 
different H2PtCl6 amounts. More small Pt nanoparticles were observed for the 
deposition from higher H2PtCl6 amounts. 






The Pt nanoparticles deposited by this two-step method had good adhesion on 
the FTO glass. They could not be removed from the substrate by either peeling off an 
adhesive Scotch tape pressed on the Pt nanoparticles or through ultrasonication of the 
Pt nanoparticles on a substrate in a Branson 1510 ultrasonic bath for 30 min. 
 
Figure 2.4. SEM images of Pt nanoparticles on FTO glasses with a high 
magnification. The Pt nanoparticles were deposited by reducing H2PtCl6 of (a) 21.3 
µg cm-2, (b) 17.0 µg cm-2, (c) 12.8 µg cm-2, (d) 8.5 µg cm-2, and (e) 6.0 µg cm-2 with 
EG of 9.7 µl cm-2 at 160 oC. 
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The good adhesion should be related to the good contact between the Pt 
nanoparticles and the FTO glass as observed by the cross-sectional SEM. Except for 
FTO glass, this method was adopted to deposit Pt nanoparticles onto other rigid and 
flexible substrates, such as ITO/glass, ITO/PET, and PEDOT:PSS. The Pt 
nanoparticles on those substrates exhibited similar morphology and had good 
adhesion to the substrates as well. To the best of our knowledge, this is the first time 
the fabrication of metal nanoparticles with good adhesion to substrates directly 
deposited from solution of a metal precursor by chemical reduction has been reported. 
 
Figure 2.5. Cross-sectional SEM images of Pt nanoparticles on FTO glasses. The Pt 
nanoparticles were deposited by reducing H2PtCl6 of (a) 17.0 µg cm-2 and (b) 8.5 µg 











The good adhesion of the Pt nanoparticles to substrates is significantly different 
from drop casting a solution of Pt nanoparticles on a substrate or putting a substrate 
into a solution of Pt nanoparticles, which gives rise to Pt nanoparticles with poor 
adhesion to substrates. [102,103] Presumably, the good adhesion of the Pt 
nanparticles to the substrates is due to the high surface energy of the Pt nanoparticles 
during the deposition. As reported in the literature, the metal nanoparticles have a 
high surface energy just after the nanoparticle formation, and the rearrangement of the 
atoms in metal nanoparticles decreases the surface energy during the aging in solution 
[104-105]. In addition, metal nanoparticles may aggregate during aging as a result of 
Ostwald ripening. Both can lower the surface energy of metal nanoparticles, so that 
the metal nanoparticles have poor adhesion to substrates. The atom rearrangement and 
the Ostwald ripening are significantly suppressed in our method, because the Pt 
nanoparticles deposit onto the substrate and the solvent, EG, disappears shortly after 
the Pt nanoparticle formation. 
In our experiments, H2PtCl6 formed a solid layer on the substrate by the solution 
processing. It dissolved in EG only after heating, but the solution did not flow too 
much due to the high viscosity of EG. EG reduced H2PtCl6 into Pt at temperatures 
above 120 oC [106]. Thus, H2PtCl6 might be reduced to Pt nanoparticles immediately 
after its dissolution in EG. These Pt nanoparticles were unstable in EG because no 
organic ligand was added and the amount of EG was quite low and rapidly decreased. 
The Pt nanoparticles consequently deposited on the substrate shortly after the Pt 
nanoparticle formation. Some Pt nanoparticles may aggregate before the deposition 
depending on the concentration of the Pt nanoparticles and duration from the Pt 
nanoparticle formation to the Pt nanoparticle deposition. 
43 
 
This mechanism can be used to explain the observations of the effect of the EG-
to-H2PtCl6 ratio on the deposited Pt nanoparticle size. When the H2PtCl6 amount is as 
high as 21.3 µg cm-2, high amount of Pt nanoparticles are produced in a short time. 
The concentration of the Pt nanoparticles is so high that aggregation of Pt 
nanoparticles can take place before the deposition. Consequently, a continuous 
structure consisting of large Pt nanoparticles is formed on the substrate. When the 
concentration of Pt nanoparticles is lowered, the particle aggregation decreases as 
well so that small Pt nanoparticles are present in the final Pt nanoparticle structure. 
The nanostructured Pt deposited by this method is different from that by 
pyrolysis of Pt precursors [37,96]. We also deposited Pt on FTO by pyrolysis of 
H2PtCl6 for comparison. Ethanol solutions of H2PtCl6 were drop cast on FTO 
substrates at 400 oC. Figure 2.6 shows the SEM images of some Pt structures on FTO 
fabricated by pyrolysis. Pt nanoparticles could be observed on FTO after pyrolysis of 
17.0 µg cm-2 H2PtCl6. They were separated from each other. When the H2PtCl6 
amount was further increased to 425.5 µg cm-2, dendritic Pt structures were observed. 
The Pt structures by pyrolysis are remarkably different from that by the two-step 
method. 
2.3.2 Pt nanoparticles as electrochemical catalyst in methanol oxidation and 
DSSCs 
The Pt nanoparticles with good adhesion to substrate can be used as an effective 
catalyst for many chemical reactions because of the high specific area. The 
electrochemical catalysis of Pt nanoparticles on conductive FTO glass was 




Figure 2.6. SEM images of Pt on FTO glasses with low and high magnifications. Pts 
were deposited by pyrolysis of 17.0 (a) and (b), 85.1 (c) and (d), and 425.5 (e) and (f), 
µg cm-2 H2PtCl6 at 400 oC. 
 
Figure 2.7 presents the 1st and 100th cyclic voltammograms (CVs) with Pt 
nanoparticles on FTO glass as the work electrode in an electrolyte consisting of 0.5 M 
methanol and 0.5 M H2SO4. The oxidation current at the potential range of 0.5 - 0.7 V 
vs SCE corresponds to the oxidation of methanol into CO that is the principle step in 
methanol fuel cells [107,108]. The Pt nanoparticles could effectively catalyze the 














Figure 2.7. Cyclic voltammograms of the 1st (solid curves) and 100th (dashed curves) 
potential scans of Pt nanoparticles on FTO glass in an electrolyte of 0.5M CH3OH and 
0.5 M H2SO4. The scan rate was 20 mV s-1. The Pt nanoparticles were deposited on 
FTO glass by reducing H2PtCl6 of 17.0 µg cm-2 with EG of 9.7 µl cm-2 at 160 oC. 
 
good stability in the electrochemical catalysis is related to the good stability of the Pt 
nanoparticles on FTO glass. 
The electrochemical catalysis of the Pt nanoparticles was also investigated as 
the counter electrode of DSSCs. DSSCs can efficiently convert light into electricity 
and are regarded as the next-generation solar cells. Pt can catalyze the reduction of 
triiodide that is the chemical reaction at the counter electrode of DSSCs and is an 
important step during the light-to-electricity conversion. Figure 2.8 shows the current 
density_voltage curve of a DSSC with Pt nanoparticles on FTO glass as the counter 
electrode. The DSSC exhibited high photovoltaic performances: the short circuit 
current (Jsc) of 15.55 mA cm-2, the open-circuit voltage (Voc) of 715 mV, the fill 
factor (FF) of 0.72, and the power conversion efficiency (PCE) of 8.02 % under 
AM1.5 G illumination (100 mW cm-2). The photovoltaic performance is comparable 
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to the DSSCs with Pt counter electrode fabricated by pyrolysis. In addition, the 
DSSCs with the Pt nanoparticle counter electrode exhibited good stability, as 
presented in Figure 2.9. 
The DSSCs with such a Pt nanoparticle counter electrode were studied by the 
electrochemical ac impedance spectroscopy to understand the electrochemical 
catalysis of the Pt nanoparticles on the reduction of triiodide. The semicircle at high 
frequency range in the Nyquist plot presented in Figure 2.10 corresponds to the 
charge transfer process between the electrolyte and the Pt counter electrode, and the 
diameter of this semicircle was the charge transfer resistance. The charge-transfer 
resistance was 3.56 Ω cm2 for the fresh cell and decreased to 3.14 Ω cm2 after 30 
days. The small change in the charge transfer resistance may be due to some 
rearrangement of the Pt atoms during the reduction of the triiodide. This also confirms 
the stability of the Pt nanoparticles on FTO. Therefore, the Pt nanoparticles can be 
applied as the electrochemical catalyst in many systems. 
 
Figure 2.8. Photocurrent density_voltage curve of a DSSC with Pt nanoparticles on 
FTO glass as the counter electrode. The device was characterized underAM1.5 
illumination with a mask area of 0.2124 cm2. The Pt counter electrode was prepared 




Figure 2.9. Variation of the photovoltaic performance parameters of short-circuit 
photocurrent density, (Jsc), open circuit voltage (Voc), fill factor (FF), and power 
conversion efficiency (PCE) with day for a DSSC with the Pt nanoparticle counter 






Figure 2.10. Nyquist plot of a DSSC with Pt nanoparticles on a FTO glass as the 
counter electrode in dark. The device was tested immediately and 30 days after the 
device fabrication. The Pt counter electrode was prepared by reducingH2PtCl6 of 17.0 
µg cm-2  with EG of 9.7 µl cm-2 at 160 oC. The device was tested immediately after 
assembly of the cell. The stability of the device was studied by aging the device in the 
dark at room temperature. 
 
The Pt loading can be reduced for application as the counter electrode of 
DSSCs. We fabricated DSSCs with lower Pt loadings. The photovoltaic performances 
of the devices are listed in Table 2.1. The DSSCs exhibited high photovoltaic 
performance even at very low Pt loading. When the H2PtCl6 amount was decreased to 
1.70 µg cm-2, the photovoltaic efficiency of the corresponding DSSC slightly 
decreased to 7.79%. Therefore, the nanostructured Pt by the two-step method can 
have good electrochemical catalysis and good adhesion to the substrate, while it can 
be fabricated at a temperature much lower than that by pyrolysis. 
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Table 2.1. Photovoltaic Performances of DSSCs with Pt Counter Electrodes Prepared 




Pt nanoparticles with good adhesion to various substrates including FTO, ITO, and 
PEDOT:PSS were deposited through the solution processing and chemical reduction 
of H2PtCl6 at 160 oC. The first step is to form a uniform H2PtCl6 layer on a substrate 
by solution processing. The second step is to reduce H2PtCl6 into metallic Pt by a 
small amount of EG. The Pt nanoparticles deposited to the substrates and EG 
disappeared shortly after the Pt nanoparticle formation, so that the Pt nanoparticles 
had a high surface energy during the deposition. Consequently, the Pt nanoparticles 
can have good adhesion to substrates. The applications of these Pt nanoparticles as 
electrochemical catalyst were demonstrated in the oxidation of methanol and as the 











17.0 15.55 715 0.72 8.02
12.8 14.55 741 0.72 7.83
8.50 14.56 724 0.73 7.71
4.25 14.91 717 0.72 7.75







Chapter 3. Direct deposition of gold nanoplates and porous 
platinum on substrates through solvent-free chemical 
reduction of metal precursors with ethylene glycol vapor 
3.1 Introduction 
Although Pt NPs deposited by this two-step EG reduction method in Chapter 2 have 
good adhesion to substrate, their distribution on the substrates are inhomogeneous 
because of the fluidity of EG solvent. There are more Pt NPs at the spots where EG 
solvent evaporate later than those where EG evaporates earlier. Therefore, it is 
significant to develop novel methods to deposit nanostructured Pt with high catalytic 
activity and homogeneous distribution on substrates.  
Herein, a facile and scalable method to deposit nanostructured metals on 
substrates through the solvent-free chemical reduction of metal precursors coated on 
substrates with EG vapor is reported. The chemical reduction can complete in a 
couple of minutes at a temperature below 200 oC. No surfactant, additive, seed or 
template is added during this process. Au and Pt nanostructures are deposited through 
the chemical reduction of their precursors. They have different morphologies. The Au 
nanostructures appear as separate two-dimensional islands, and they are dominantly 
triangular nanoplates. In contrast, the Pt nanostructures have a three-dimensional 
porous structure. The different morphologies of nanostructured Au and Pt deposited 




3.2 Experimental details 
3.2.1 Materials and chemicals 
Indium tin oxide (ITO) glass and fluorine doped tin oxide (FTO) glass were 
purchased from Nippon Sheet Glass Co. Ltd. Silicon wafers were obtained from 
Semiconductor Wafer, Inc. The chemicals, including EG, chloroplatinic acid 
hexahydrate (H2PtCl6·6H2O, ≥37.5 Pt basis), and gold (III) chloride trihydrate 
(HAuCl4·3H2O), were supplied by Sigma-Aldrich. All chemicals were use as 
received. 
3.2.2 Deposition of Au nanostructures 
Nanostructured Au was deposited through the chemical reduction of its precursor, 
HAuCl4, with vapor of EG. In a typical experiment, a thin layer of 2.2 nm HAuCl4 in 
thickness was formed on a substrate by spin coating an acetone solution of 0.01 M 
HAuCl4 at 3000 rpm. The HAuCl4 layer was dried at 50 oC for 1 min. After cooling 
down to room temperature, the substrate coated with HAuCl4 was placed about 1 cm 
away from a petri dish containing EG on a hot plate at 160 oC for 15 min. A glass 
cover was placed on the hot plate to make a close environment for HAuCl4 and EG. 
The EG vaporized, and the EG vapor reduced HAuCl4 into Au. 
3.2.3 Deposition of porous Pt 
The deposition of nanostructured Pt was carried out through a similar process as for 
the Au deposition. In a typical experiment, a layer of H2PtCl6 with a thickness of 11 
nm was formed on a substrate by spin-coating an acetone solution of 0.1 M H2PtCl6 at 
3000 rpm for 1 min. The procedure and the experimental conditions for reducing 
H2PtCl6 into Pt by EG vapor were the same as those for Au deposition. 
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3.2.4 Characterization of materials 
The X-ray photoelectron spectra (XPS) were acquired using an Axis Ultra DLD X-ray 
photoelectron spectrometer equipped with an Al Kα1 X-ray source of 1486.6 eV. The 
scanning electron microscopic (SEM) images were taken with a Zeiss Supra 40 field 
emission scanning electron microscope. The energy dispersive X-ray (EDX) spectra 
were obtained with an X-Max 500 mm2 EDS system by Oxford Instruments. The X-
ray diffraction (XRD) patterns were collected with a small angle Bruker D8 Advance 
X-ray diffractometer. The tunneling electron microscopic (TEM) images were taken 
using a JOEL JEM 2010F transmission electron microscope equipped with a field 
emission gun. UV-Vis absorption spectra were collected with a Shimadzu UV-1800 
spectrometer. 
 
3.3 Results and discussion 
3.3.1 Deposition and characterization of Au nanoplates 
Au nanostructures are deposited on substrates by a two-step process. At first, a thin 
layer of a gold precursor, HAuCl4, was formed on substrates by spin coating an 
acetone solution of HAuCl4. In order to uniformly coat HAuCl4 on the substrates, 
organic solvents with low boiling point were adopted. The HAuCl4 layer can also be 
formed by other solution processing techniques, such as spraying and drop casting, 
but spin coating has advantage in controlling the thickness and the uniformity of the 
HAuCl4 layer. The thickness of the precursor layer can be manipulated by controlling 
the HAuCl4 concentration. The second step is the reduction of HAuCl4 by EG vapor 
at a temperature of 160 oC. The yellow precursor turns into red color in a couple of 
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minutes. In a typical experiment, the reduction was carried out for 15 min. The Au 
loading on substrate is determined by the loading of the HAuCl4 layer. ITO glass is 
used as the substrate because it is conductive and transparent, and it can be used in 
various optical, electronic and electrochemical systems. 




















            



















* ITO substrate 
 
Figure 3.1. (a) XPS spectrum and (b) XRD pattern of Au nanostructures deposited on 
ITO through the chemical reduction of HAuCl4 with EG vapor at 160 oC.  The XRD 
peaks labelled with * are due to the ITO substrate. 
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The conversion of HAuCl4 into metallic Au is evidenced by XPS (Figure 3.1a). 
The two bands at 87.6 and 84.0 eV are the Au 4f5/2 and 4f7/2 bands of metallic Au. The 
metallic state of the Au nanoplates is also confirmed by XRD (Figure 3.1b). The 
intense XRD band at 2θ = 38.5o corresponds to the (111) plane of the metallic Au. 
The XRD pattern is similar to gold grown in solution [109]. 
Presumably, the chemical reduction of HAuCl4 by EG vapor is similar to the 
reduction of metal precursors in solution of EG [110]. As Skrabalak et al. pointed out, 
EG reacts with oxygen and turns into glycolaldehyde,  
2HOCH2CH2OH + O2 → 2HOCH2CHO + 2H2O 
when the temperature is higher than 140 oC. The glycolaldehyde reduces HAuCl4 into 
metallic Au. 
Figure 3.2a shows the SEM image of Au nanostructures deposited on ITO 
substrate at a Au loading of 7.9 µg cm-2 (10 mM HAuCl4). They are separated islands 
with various shapes, including triangular, truncated triangular and hexagonal. A 
careful count indicates that about 70% of the Au nanostructures are well-defined 
triangular nanoplates. Figure 3.2c presents the TEM image and selected area electron 
diffraction (SAED) pattern of a triangular Au nanoplate prepared by reducing HAuCl4 
with EG vapor on Cu grid. The Au nanoplate has a well-defined triangular shape. The 
XRD and the TEM results indicate that the (111) plane is the basal plane of the Au 
nanoplates. 
Figure 3.3 presents the distribution of the edge length of the triangular Au 
nanoplates on ITO glass in terms of the SEM image. The maximum percentage 
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appears for the Au nanoplates with an edge length of 40-45 nm, and the average edge 
length of these triangular Au nanoplates is 49 nm. 
 
Figure 3.2. SEM images of (a) Au nanostructures on ITO substrate and (b) bare ITO 
substrate (c) TEM image and SAED pattern of a triangular Au nanoplate deposited on 


































Figure 3.3. Distribution of the edge length of triangular Au nanoplates deposited on 
ITO glass. 
 
Though metal nanostructures prepared in solution have been extensively 
investigated and methods have been developed to control the size and shape of the 
metal nanostructures [111-113], this is the first time to deposit metal nanostructures 
with well-defined shapes on substrates without the addition of any surfactant, 
template and additive. The Au nanostructures have good adhesion to the ITO 
substrate. They cannot be removed by sonication. Because there is not a third material 
between the conductive substrate and Au nanostructures, these metal nanostructures 
can have important application in many areas, such as electrocatalysis and biosensors. 
This method to deposit Au nanoplates on substrates is different from other 
methods to deposit metal nanostructures with well-defined shapes, such as the seed-
mediated growth method. The seed-mediated growth includes two steps. Pre-prepared 
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metal nanostructures were used as the seed for the subsequent growth into metal 
nanostructures of larger sizes [114-117]. Surfactants and/or additives are added for the 
shape control. Besides the deposition through the chemical reduction of metal 
precursors, electrochemical reduction has also been reported to deposit metal 
nanoplates on conductive substrates [118,119]. Sun also reported the deposition of 
metal nanoplates on semiconductive substrates through the galvanic reaction between 
the substrates and the metal precursor [120]. In comparison with the methods in 
literature, our method is facile and does not require any special facility. 
The deposition of the Au nanostructures on substrate includes the nucleation and 
growth. The metallic Au atoms for the nucleation and growth are supplied by the 
chemical reduction of HAuCl4. This deposition process suggests that the Au loading 
can have an effect on the shape and size of the Au nanostructures. Apart from the Au 
loading of 7.9 µg cm-2, we also investigated the Au nanostructures with other Au 
loadings, 78.8, 39.4 and 3.9 µg cm-2, by varying the thickness of the HAuCl4 layer. As 
shown in Figure 3.4, the Au loading significantly affects the size and shape of the Au 
nanostructures. At a high Au loading of 78.8 µg cm-2, Au nanostructures with 
polyhedral shapes, such as truncated triangular, hexagonal and other undefined Au 
nanostructures, can also be observed. The Au nanostructures become smaller and the 
percentage of the triangular Au nanoplates increases when the Au loading is reduced. 
The majority (about 70%) of the Au nanostructures has a well-defined triangular 





Figure 3.4. SEM images of Au nanostructures deposited on ITO glass substrates with 
Au loadings of (a) 78.8, (b) 39.4 and (c) 3.9 µg cm-2. 
 
Figure 3.5 depicts the dependence of the average edge length of the triangular 
Au nanoplates on the Au loading. The average edge length of the Au nanoplates 
increases to 69 nm for the Au loading of 78.8 µg cm-2, and it decreases to 54 nm for 
the Au loading of 39.4 µg cm-2. 
The optical properties of these Au nanostructures deposited on ITO were studied 
by UV-Vis absorption spectroscopy (Figure 3.6). The signal-to-noise ratio of these 
spectra is not very high because of the low Au loadings on ITO. The absorption band 
in the visible range is the surface plasmon oscillation of the Au nanostructures [121]. 
The peak position of the surface plasmon band shifts from 567 to 581 nm, when the 
Au loading increases from 7.9 to 78.8 µg cm-2. The positions of the surface plasmon 







average edge lengths are 49 and 69 nm for the Au loadings of 7.9 and 78.8 µg cm-2, 
respectively. 
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Figure 3.5. Dependence of the average edge length of triangular Au nanoplates on the 
Au loading. (Inset: Error bar of edge length of triangular Au nanoplates on Au 
loading) 





























Figure 3.6. UV-Vis absorption spectra of Au nanostructures deposited on ITO 
substrate with Au loadings of (a) 78.8, (b) 39.4 and (c) 7.9 µg cm-2. 
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Since the majority of the Au nanostructures have two-dimensional structures on 
the substrate, the substrate can affect both the nucleation and growth of metallic Au. 
The substrate effect was studied by investigating the chemical reduction of HAuCl4 
on FTO and SiO2 substrates through a similar process. Au nanostructures could be 
deposited on these substrates as well, and they had good adhesion to the substrates. 
The SEM images indicate that the Au nanostructures are also dominantly triangular 
nanoplates (Figure 3.7). However the substrates can affect the size of the Au 
nanoplates. At the same Au loading of 7.9 µg cm-2, the average edge lengths of the 
triangular Au nanoplates are 34 and 53 nm on FTO and SiO2 substrates, respectively. 
They are different from that (49 nm) on ITO. 
Triangular Au nanoplates deposited on smooth SiO2 substrate were used to 
investigate the thickness of the Au nanoplates by AFM. Figure 3.8 shows the AFM 
image of such a triangular Au plate on SiO2. It has an edge length of 68.6 nm and a 
thickness of 33 nm. 
 
Figure 3.7. SEM images of Au nanostructures deposited on (a) FTO and (b) SiO2 










Figure 3.8. AFM image and height profile of a triangular Au nanoplate deposited on 
Si. 
 
3.3.2 Deposition and characterization of porous Pt 
Nanostructured Pt was deposited on FTO glass through a similar process for the 
deposition of Au nanostructures. When the chemical reduction of H2PtCl6 by EG 
vapor was carried out at 160 oC, the light yellow H2PtCl6 layer turned into dark in 5 
min. 
The conversion of H2PtCl6 into metallic Pt is evidenced by XPS (Figure 3.9). 
The Cl 1s and Cl 2p XPS bands observed on the XPS survey spectrum of H2PtCl6 
disappear after the reduction. The Pt 4f5/2 and 4f7/2 XPS bands appear at 75.8 and 72.6 
eV for H2PtCl6, and they shift to 73.4 and 70.1 eV after the reduction. The conversion 
of H2PtCl6 into metallic Pt is also confirmed by EDX and XRD (Figure 3.10). There 
is no Cl signal in the EDX after the reduction, and the XRD patterns are consistent 
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with metallic Pt. Presumably, the reduction of H2PtCl6 by EG vapor is similar to the 
reduction in EG solution, although there is no fluid was observed during the chemical 
reduction. 
Pt deposited by this method is not shiny but dark. Its SEM image indicates a 
three-dimensional porous structure (Figure 3.11). The porous Pt structure is formed 
by the agglomeration of Pt nanoparticles. These Pt nanoparticles have a size of 5-10 
nm as revealed by TEM (Figure 3.12a). The high-resolution TEM (HRTEM) image 
indicates that the porous Pt film is dominant by the (100) facets (Figure 3.12b) [122]. 
To determine the porosity by the BET analysis, Pt in gram scale is needed. That 
is too much for the precious Pt. We estimate the porosity by comparing the nominal 
density of porous Pt with the real Pt density (ρ = 21. 45 g cm-3). The nominal density 
(ρnominal) is calculated in terms of the Pt loading which is obtained from the H2PtCl6 
amount on substrate and the nominal thickness of a porous Pt film by the cross-
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For a porous Pt film with a loading of 155.4 µg cm-2, its average nominal 
thickness was 130 nm determined by its cross-sectional SEM image. Thus, the 
porosity was about 47.1%. Similar method was adopted by Rabat et al. to estimate the 


























































Figure 3.9. XPS (a) survey and (b) fine scan spectra of H2PtCl6 and porous Pt. 
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Figure 3.10. (a) EDX and (b) small-angle XRD pattern of porous Pt on FTO glass 









Figure 3.12. TEM images of porous Pt with (a) normal and (b) high resolution. 
 
The deposition of porous Pt through the solvent-free reduction of H2PtCl6 is 
different from our previous reports using small amount of EG liquid during the 
chemical reduction [96,124]. In our previous research works, EG liquid was used to 




reduction of H2PtCl6 are dispersed in EG, and they deposit on the substrates after the 
disappearance of EG. Due to the fluidity of EG solution of Pt nanoparticles and 
H2PtCl6, the Pt nanoparticles do not uniformly cover the substrate. There is more Pt in 
some areas while less in other areas. Since there is no fluid during the deposition of Pt 
with EG vapor, Pt can uniformly distribute on the substrate by this method. In 
addition, the coverage can be easily controlled by controlling the H2PtCl6 layer before 
the chemical reduction. 
 These porous Pt structures deposited by this method have good adhesion to 
substrates. This method is more convenient than the methods reported in literature, 
such as templating [125], dealloying [126,127], sol-gel assembly of pre-prepared 
nanoparticles [128], nanomelting of hybrid polymer-metal-oxide aerogels [129], and 
combustion synthesis [130]. Metals are deposited onto a template with sub-micron 
features formed by colloids or polymer spheres in templating. However, infiltration of 
metal atoms into the templates is quite challenging in practice, because the interstitial 
regions of such arrays are narrow, making it difficult for metals or metal precursors to 
pass through. In the dealloying method, the target metal forms alloy with one or more 
chemically active metals. The target metal can form porous structure after chemically 
or electrochemically etching away the active metals. This limits the method applicable 
only for a handful of metals, and the alloy formation increases the cost. Though the 
sol-gel method is very successful in fabricating nanoporous metal oxides, its success 
is quite limited for metals due to the difficulty in directly assembling metal 
nanoparticles into gels. The nanomelting method basically includes three complicated 
steps: The first step is the formation of a gel of a polymer and a metal oxide; the 
second step the conversion of the gels into aerogels by supercritically drying; the last 
step is the pyrolysis of the aerogels in Ar and at high temperature. The polymer turns 
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into CO2 and CO, and CO reduces the metal oxide into metal. The combustion 
method is the decomposition of energetic metal complexes into porous metals. The 
porous metal formation is related to the materials decomposition in the last two 
methods. Thus, a high temperature step is needed, which increases the cost and also 
limits their application. 
3.3.3 Mechanism for different morphologies of nanostructured Au and Pt 
The different morphologies of the nanostructured Au and Pt cannot be attributed to 
the different thicknesses of the precursor layers. Separate Au islands were deposited 
on substrates even when the HAuCl4 layer was 22 nm thick, thicker than that (11 nm) 
of the H2PtCl6 layer. In addition, when the H2PtCl6 layer was reduced to 1-2 nm, Pt 
dendrites as a result of the aggregation of the Pt nanoparticles were observed, 
although they could not cover the whole substrate.  
Presumably, the different morphologies of Au and Pt are related to the surface 
energies of the metals. Both Au and Pt have the face centered cubic structure. Their 
crystallographic facet (111) has the lowest surface energy among all the facets. The 
surface energy of the Pt (111) facet is 2.299 J m-2, higher than that (1.283 J cm-2) of 
Au [16]. As the specific surface energy is high; the metal nanoparticles tend to 
aggregate to lower the surface area. On the other hand, the metal nanostructures can 
be separated islands, when the specific surface energy is low. This is further 
evidenced by the morphologies of nanostructured Pd and Ag deposited by the 
chemical reductions of Na2PdCl4 and AgNO3 with EG vapor. As shown in Figure 
3.13, Pd has a dendritic structure formed by the aggregation of Pd nanoparticles, 
while Ag appears as separate islands. This is consistent with their surface energies, 
1.920 J m-2 for Pd and 1.172 J m-2 for Ag. 
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The Au nanostructures have a size of tens nanometers, while the Pt 
nanostructures are the aggregates of Pt nanoparticles of a few nanometers. The 
different sizes are related to the interfaces between the metals and the substrates. The 
surface energies of both Au and Pt are higher than those of SiO2 and ITO 
[16,131,132]. The higher surface energy of Pt can give rise to the metal growth more 
preferentially along the vertical direction than along the lateral direction. Moreover, 
the morphology of nanostructured metals is affected by the nucleation and growth of 
the metal nanostructures. The experimental results suggest that the Au nanostructures 
are grown through the epitaxial protocol. The number of the nuclei may not 
remarkably increase during the deposition, so that Au nanostructures become bigger 
and thicker when more precursor is used. Nevertheless, the nucleation of Pt 
nanostructures continuously occurs during the deposition as suggested by TEM 
(Figure 3.12). When a nucleus grows into a few nanometers, it aggregates with other 
Pt nanoparticles and the growth almost terminates. 
 
Figure 3.13. (a) Pd nanostructures and (b) Ag nanostructures deposited on FTO 










Nanostructured metals can be deposited on various substrates through the solvent-free 
chemical reduction of metal precursors by EG vapor. No surfactant, seed, template or 
additive is added during the chemical reduction and metal deposition. The chemical 
reduction takes place at a temperature below 200 oC and can complete in a couple of 
minutes. Both nanostructured Au and Pt were deposited by this method. They have 
different morphologies. The Au nanostructures have two-dimensional structures, and 
the majority is triangular nanoplates when the Au loading is low. In contrast, the Pt 
nanostructures have three-dimensional porous structure. The different morphologies 
of these nanostructured metals are related to the surface energies of Au and Pt.  This 
facile and scalable method provides a new avenue for the development of functional 




Chapter 4. Platinum nanoparticles deposited on substrates 
by solventless chemical reduction of a platinum precursor 
with polyol vapor and its application as highly effective 
electrocatalyst in dye-sensitized solar cells 
4.1 Introduction 
Lowering the Pt loading has practical significance, because the noble Pt has severely 
impeded the commercialization of many important systems in which Pt is the key 
catalyst. Pt must be deposited on a conductive substrate for its application as 
electrocatalyst, and its adhesion to the substrate will affect the performance stability 
of the system [124]. One important electrocatalytic application for Pt is as the counter 
electrodes of DSSCs, which are regarded as the next-generation solar cell technology 
owing to the low fabrication cost and decent photovoltaic efficiency [133-135].  
The reduction of triiodide at the counter electrode is an important step during the 
light-to-electricity conversion [136,137]. In order to have an efficient light-to-
electricity energy conversion, the counter electrode should be an excellent 
electrocatalyst for the reduction of triiodide [138,139]. Though a couple of Pt-free 
materials have been investigated as the counter electrode, Pt is still the most popular 
material as the counter electrode of DSSCs. The electrocatalytic activity of Pt is 
strongly dependent on the deposition methods. Various methods have been 
investigated to deposit Pt on fluorine doped tin oxide (FTO) glass as the counter 
electrode of DSSCs, including pyrolysis of Pt precursor [37,140], electrochemical 
deposition [141,142], electroless deposition [143,144], physical vapor deposition 
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[145,146], and immobilization of Pt nanoparticles [147-149]. Among them, Pt clusters 
deposited by pyrolysis of Pt precursors have the highest electrocatalytic activity for 
DSSCs and good stability in electrolyte of tri-iodide and iodine. They have size below 
20 nm and good adhesion to the substrate. The Pt loading can be as low as 5 µg cm-2 
to achieve high photovoltaic efficiency [140]. The high catalytic activity is attributed 
to the smaller size of the Pt clusters than by other methods. However, relatively high 
processing temperature of above 380 oC is required for this pyrolysis method [37]. 
This renders it unsuitable for flexible substrate such as polyethylene terephthalate 
(PET).  
Pt nanoparticles can be prepared in solution through the chemical reduction of 
its precursors by reducing agents like polyol or borohydride [150-152]. However, the 
Pt nanoparticles are capped with organic ligands, so that a sintering process is needed 
to immobilize them on a conductive substrate for the electrocatalytic application 
[109,110]. The decomposition of the capping organic ligand can contaminate the Pt 
nanoparticles, and aggregation of Pt nanoparticles occurs during the sintering. Both 
changes lower the catalytic activity of the final Pt product.  
Two methods of electroless deposition of Pt nanoparticles were reported through 
the chemical reduction of Pt precursors in ethylene glycol (EG) solution by lab 
[96,124]. One method is to drop an EG solution of H2PtCl6 onto substrates and then 
heat to a temperature of 140 oC or higher [62]. Pt nanostructures as a result of the 
reduction of by H2PtCl6 EG solvent are deposited on substrates. There is dense and 
porous Pt on substrates. The dense Pt has good adhesion to substrates while the 
porous Pt can be easily removed. The distribution of porous Pt is not inhomogeneous 
on the substrates. This method can be called one-step EG solution reduction.  
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There are two steps for another method [124]. The first step is to coat a layer of 
H2PtCl6 on substrate. The second step is to coat a small amount of EG solvent on the 
dried H2PtCl6 layer at room temperature. Heating the H2PtCl6/EG layer to a 
temperature of 140 oC or higher gives rise to the conversion of H2PtCl6 into Pt 
nanoparticles and the immediate deposition of the Pt nanoparticles on substrates 
because of the disappearance of the small amount of EG. This method can be called 
two-step EG solution reduction. Though Pt nanoparticles deposited by this method 
have good adhesion to substrates, their distribution on the substrates are 
inhomogeneous because of the fluidity of EG solvent and solubility of Pt 
nanoparticles in EG solvent. There are more Pt nanoparticles at the spots where EG 
solvent disappears later than those where EG solvent disappears earlier. The 
inhomogeneous distribution of Pt on substrates can lead to the waste of some precious 
Pt. It is significant to develop novel methods to deposit nanostructured Pt with high 
catalytic activity and homogeneous distribution on substrates to achieve high 
performance systems, such as DSCs, at a quite low Pt loading. 
In this chapter, a facile and scalable method to deposit nanostructured Pt on 
substrates through the chemical reduction of H2PtCl6 with vapor of EG at a 
temperature below 200 oC is reported. No solvent is used during the chemical 
reduction. The nanostructured Pt is almost homogeneously distributed on substrates. It 
has good adhesion to substrates and excellent catalysis. The electrocatalytic activity of 
Pt fabricated by this method for DSCs is significantly higher than that by pyrolysis 
and the other electroless deposition methods. This method can greatly reduce the Pt 
loading in DSCs. 
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4.2 Experimental details 
4.2.1 Chemicals and deposition of Pt nanoparticles 
FTO glass with a sheet resistance of 15 Ω sq-1 was purchased from Nippon Sheet 
Glass Co. Ltd. EG and chloroplatinic acid hexahydrate (H2PtCl6·6H2O, ≥37.5 % Pt 
basis) were obtained from Sigma-Aldrich. TiO2 pastes and cis-diisothiocyanato-
bis(2,2-bipyridyl-4,4-dicarboxylato) ruthenium(II) bis(tetrabutylammonium) (N719) 
were supplied by Dyesol. All the chemicals were used as received. 
Pt nanoparticles were deposited on substrates through the solventless chemical 
reduction of H2PtCl6 with EG vapor. The process includes two steps. At first, a thin 
layer of H2PtCl6 was formed on a substrate by spin coating or spraying an acetone 
solution of H2PtCl6 at 3000 rpm on FTO glass substrate. Acetone solutions of various 
H2PtCl6 concentrations were used. The second step is the conversion of H2PtCl6 into 
metallic Pt. The substrates coated with H2PtCl6 were put near a container of EG in a 
close environment at 180 oC. The EG vapor redced H2PtCl6 into metallic Pt in a few 
minutes. 
Control experiments were also carried out to deposit nanostructured Pt by the 
two-step EG solution method and one-step EG solution method according to 
references [96,124]. 
4.2.2 Characterization of materials and DSSCs 
SEM images were obtained with a Zeiss Supra 40 field emission scanning electron 
microscope. XPS were acquired using an Axis Ultra DLD X-ray photoelectron 
spectrometer equipped with an Al Kα X-ray source (1486.6 eV). CVs were collected 
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in an acetonitrile solution comprising 5 mM LiI, 0.25 mM I2 and 0.1 M 
tetrabutylammonium perchlorate with an Autolab PGSTAT302N + FRA2 
electrochemical system. FTO glass substrates deposited with Pt nanoparticles were 
used as the working electrodes, platinum wire and Ag/Ag+ reference electrode were 
used as counter and reference electrodes, respectively. The scan rate was 10 mV s-1. 
AC impedance spectra were carried out on DSSCs under dark condition. A DC 
voltage of the open-circuit voltage (Voc) of the devices was applied on the DSSCs 
during the measurements. The frequency range was 0.05 to 105 Hz, and the ac 
amplitude was 10 mV.  
The photovoltaic performance of DSSCs was measured with a computer-
programmed Keithley 2400 source/meter under a Newport’s Oriel class A solar 
simulator, which simulated the AM1.5 illumination (100 mW cm-2) and was certified 
by the JIS C 8912 standard. A mask with an opening area of 0.21 cm2 was used 
during the photovoltaic tests. 
 
4.3 Result and discussion 
4.3.1 Deposition of Pt nanoparticles through solventless chemical reduction 
The process to deposit Pt nanoparticles includes two steps. The first step is the 
formation of a thin layer of H2PtCl6 on a substrate by spin coating acetone solution of 
H2PtCl6. Acetone is selected as the solvent because of its low boiling point. Acetone 
rapidly vaporizes during the coating, which gives rise to a uniform H2PtCl6 layer on 
substrate. This H2PtCl6 layer can be formed by spray coating as well. Spin coating is 
reported in this paper due to the easy control in the uniformity of the H2PtCl6 layer. 
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The second step is the conversion of H2PtCl6 into Pt nanoparticles. The H2PtCl6 thin 
layer is reduced into metallic Pt nanoparticles with EG vapor at 180 oC. No solvent is 
used during the chemical reduction. H2PtCl6 is completely converted into 
nanostructured Pt in less than 5 min as revealed by X-ray photoelectron spectra (XPS) 
(Figure 4.1). The Cl XPS signals disappear after the EG vapor reduction. Two Pt 4f 
XPS bands appear at 70.7 and 73.9 eV after the chemical reduction, which confirms 
the metallic Pt on the substrate. 
Pt can be deposited on various substrates by this method, including FTO glass, 
indium tin oxide (ITO) and silicon. We focus our investigation on the Pt deposition on 
FTO glass because FTO glass is the most popular conductive substrate for DSSCs. 
The metallic Pt deposited by this method appears as nanoparticles on the 
substrates when its loading is low. Figure 4.2a presents the scanning electron 
microscopic (SEM) image of Pt with a loading of 3.89 µg cm-2 on FTO glass. 
According to the XPS spectra and a comparison of the SEM image with that of a 
blank FTO glass, the dots in Figure 4.2a are identified as Pt nanoparticles. The Pt 
nanoparticles are homogeneous distributed on the FTO glass, and they have a size of 
less than 6 nm. 
Pt was also deposited on FTO substrates by pyrolysis of H2PtCl6 at 380 oC for 
comparison. At the same Pt loading of 3.89 µg cm-2, the Pt nanoparticles have a size 
slightly larger than 6 nm (Figure 4.2b). The particle sizes are similar to that reported 
by Papageorgiou et al [37]. The Pt nanoparticles scatter on the FTO glass, and 
population of the Pt nanoparticles are saliently lower than that by the EG vapor 
reduction of H2PtCl6. The larger Pt nanoparticles deposited by pyrolysis can be 
attributed to the higher temperature during the pyrolysis than that by the EG vapor 
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reduction. Both the precursor and Pt atoms diffuse more easily at higher temperature, 
which result into larger Pt particles by pyrolysis. 
















































Figure 4.1. (a) Survey XPS spectra of H2PtCl6 and nanostructured Pt deposited by the 





Figure 4.2. SEM images of FTO deposited with nanostructured Pt by (a) the EG 
vapor reduction and (b) pyrolysis of H2PtCl6 , (c) two-step EG solution reduction 
method, (d) one-step EG solution reduction method and (e) blank FTO. The Pt 
loading is 3.89 µg cm-2 in (a) to (d). 
 
Nanostructured Pt was also deposited on FTO glass by the two-step EG solution 
reduction method and one-step EG solution reduction method. As reported before, the 
Pt nanostructures inhomogeneous distribute on the substrates by these two methods at 
a high Pt loading [96,124]. Figure 4.2c and Figure 4.2d are the SEM images of Pt 
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nanostructures at the loading of 3.89 µg cm-2 deposited by the two-step EG solution 
method and the one-step EG solution method, respectively. The two-step EG solution 
method also produces Pt nanoparticles on the substrates. But the Pt nanoparticles are 
larger than 10 nm, even larger than those by pyrolysis. The Pt nanostructures by the 
one-step EG solution method become dendrites rather than nanoparticles. The large Pt 
nanoparticles by the two-step EG solution method and the Pt dendrites by the one-step 
method can be attributed to the fluidity of the EG solution. Only a small amount of 
EG is used for the two-step EG solution method. EG disappears immediately after the 
generation of Pt nanoparticles, so that it gives rise to Pt nanoparticles. But the 
presence of EG solvent leads to the growth of Pt nanoparticles into large size and 
agglomeration. There are more EG solvent for the one-step EG solution method. As a 
result, the agglomeration of Pt nanoparticles becomes significant and turns into 
dendrites. No EG solvent is used in the method in this work, so that the agglomeration 
of Pt nanoparticles is inhibited. 
The difference in the Pt nanoparticle size by the EG vapor reduction and 
pyrolysis becomes more significantly at even lower Pt loading. As shown in Figure 
4.3, at a Pt loading of 0.78 µg cm-2, the Pt nanoparticles by the EG vapor reduction 
are so small that they are almost invisible. But the Pt nanoparticles by pyrolysis are 
still readily observed on the SEM image. 
The Pt nanoparticles deposited by the EG vapor reduction have good adhesion 
to the substrates. No detectable change was observed on the Pt nanoparticles on the 
substrates by SEM after the peel-off experiment with a 3M adhesive tape or 
ultrasonication in a Branson 1510 ultrasonic water bath for a couple of hours. In 




Figure 4.3. SEM images of FTO deposited with nanostructured Pt by (a) the EG 
vapor reduction and (b) pyrolysis of H2PtCl6 on FTO glass at Pt loading of 0.78 µg 
cm-2. 
 
not affected by the adhesive tape peel-off experiment or ultrasonication. 
The deposition of Pt nanoparticles through the solventless chemical reduction of 
a Pt precursor has advantages in controlling the particle size and the distribution of the 
particles on the substrates, because the precursor is reduced in its solid state and there 
is no fluid during the chemical reduction. This makes it more suitable than our 
previous reports on the depositing of nanostructured Pt with EG liquid [96,124]. If Pt 
nanoparticles are formed in solution and they deposit on substrate after the 
vaporization of the solvent, both dense Pt and porous Pt are obtained, and the porous 
Pt has poor adhesion to substrate and can be removed by sonication [124]. Though the 
adhesion can be improved by using small amount of EG, the nanostructured Pt has 
continuous porous structure and unevenly distributes on the substrate owing to the 
fluidity of EG and the aggregation of the Pt particles [124]. A evenly distribution of 
the Pt nanoparticles on substrate and the small Pt nanoparticle size by this method can 
give rise to low Pt loading for its electrocatalytic application. 
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4.3.2 Pt nanoparticles as the counter electrode of DSSCs. 
The application of Pt nanoparticles deposited on FTO as the electrocatalyst for the 
reduction of triiodide was investigated by cyclic voltammetry (CV). As shown in 
Figure 4.4, the redox pair at the potential below 0.2 V vs Ag/Ag+ are the redox 
activity of triiodide. The anodic current corresponds to the reduction of triiodide 
[145,153],  
I3- + 2e → 3I-, 
while the cathodic current is the oxidation of iodide,  
3I- → I3- + 2e. 
The anodic and cathodic peak currents for Pt deposited by the EG vapor 
reduction are remarkably higher than that by pyrolysis, two-step EG solution 
reduction method or one-step EG solution reduction method at the same Pt loading. 
This indicates the former has better electrocatalytic activity than that the latter. 
Presumably, the high electrocatalytic activity is related to the smaller particle size of 
Pt nanoparticles deposited by the EG vapor reduction. It has been observed that Pt 
nanoparticles with a size of 2-5 nm have the highest catalytic activity [154]. In 
addition, the Pt nanoparticles deposited by the EG vapor reduction has a clean surface 
as revealed by XPS and the energy-dispersive X-ray spectroscopy (EDX). The Pt 
nanoparticles deposited by the two methods may have different shapes, and the 
catalytic activity of Pt nanoparticles is sensitive to the shape as well [122]. But the 
shape of the Pt nanoparticles deposited on FTO glass cannot be investigated by the 
electron transmission microscope (TEM). 
The electrochemical stability of the Pt electrodes deposited by the four methods 
were investigated in I-/I3- electrolytes by cycling the potential for 100th times (Figure 
82 
 
4.5). The electrochemical activity decreases for all the four Pt electrodes after 100th 
cycles. This is due to the degradation of Pt in the corrosive I-/I3- electrolyte [24]. But 
the electrochemical activity on the Pt nanostructures deposited by the one-step EG 
solution reduction decreases more than by the other three methods. This is consistent 
with the adhesion of the Pt nanostructures on FTO. Some Pt nanostructures deposited 
by the one-step EG solution reduction method have poor adhesion to FTO [124], 
whereas the Pt nanostructures deposited by the other three methods have good 
adhesion to FTO. 
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Figure 4.4. CVs of I2/I3- on the Pt work electrodes deposited by pyrolysis (black solid 
line), EG vapor reduction of H2PtCl6 (red dash line), two-step EG solution reduction 
method (blue dot line) and one-step EG reduction method (green dash dot line) on 






Pt nanoparticles deposited on FTO glass by the EG vapor reduction were 
investigated as the counter electrode of DSCs, because the chemical reaction at the 
counter electrode of DSCs is the reduction of triiodide.  Figure 4.6 presents the 
current density (J)-voltage (V) curves of a DSC with FTO glass deposited with 0.39 
µg cm-2 Pt by the EG vapor reduction as the counter electrode under AM1.5 
illumination (100 mW cm-2). The J-V curve of control DSCs with Pt counter 
electrodes at the same loading deposited by pyrolysis, two-step EG solution reduction 
method and one-step EG solution reduction method are also presented. The 
photovoltaic performances, including the short-circuit current density (Jsc), Voc, fill 
factor (FF) and power conversion efficiency (PCE), of these four DSCs are as 
summarized in Table 4.1.  
The DSSC with Pt deposited by the EG vapor reduction has a photovoltaic 
efficiency of 6.98%, whereas the photovoltaic efficiencies are only 3.42%, 3.99% and 
3.22% for the control DSSCs with Pt deposited by pyrolysis, the two-step EG solution 
reduction method and one-step EG solution reduction method, respectively. The lower 
photovoltaic performance of the control DSSC can be attributed to the poorer catalytic 
activity of Pt deposited by latter three methods. It is worth to point out that the low 
photovoltaic efficiency of the control DSC with Pt deposited by pyrolysis is due to the 
lower Pt loading of only 0.39 µg cm-2.  
The photovoltaic efficiency of 8% can be achieved with a high Pt loading of 7.8 
µg cm-2. High photovoltaic efficiency was also reported for DSSCs with Pt 



















































































































Figure 4.5. CV curves of Pt electrodes prepared by (a) pyrolysis, (b) EG vapor, (c) 
two-step EG solution reduction method and (d) one-step EG solution reduction 
method. Dotted lines represent the CV curves after subjecting for 100th cycles. 































Figure 4.6. Current density-voltage characteristics of DSSCs under AM1.5G 
illumination. The Pt counter electrodes were fabricated on FTO glass by (a) EG vapor 
reduction, (b) pyrolysis, (c) two-step EG solution reduction and (d) one-step EG 




Table 4.1. Photovoltaic performances of DSCs with Pt nanoparticles deposited by (a) 
EG vapor reduction, (b) pyrolysis, (c) two-step EG solution reduction and (d) one-step 
EG solution reduction of H2PtCl6 on FTO glass as the counter electrode. The Pt 
loading was constant at 0.39 µg cm-2 for these four methods. 
 
 
The discussion in the DSCs with Pt nanoparticles deposited by the EG vapor 
reduction and pyrolysis is focused, because pyrolysis has been extensively studied and 
has been regarded as the best method to produce Pt for the counter electrode of DSCs 
[37]. In order to understand the different electrocatalytic activities of Pt nanoparticles 
deposited by the two methods, the DSSCs were investigated by the ac impedance 
spectroscopy.  Figure 4.7 shows the Nyquist plots of two DSSCs with Pt 
nanoparticles deposited on FTO glass by the EG vapor reduction and pyrolysis, 
respectively. The Pt loading is 0.39 µg cm-2 for both deposition methods. The 
semicircle at the high frequency range corresponds to the charge-transfer process 
between the counter electrode and electrolyte [155]. The charge-transfer resistances 
(Rct) were obtained by fitting the Nyquist plots with the equivalent circuit as shown in 
the inset. They were 5.1 and 11.0 Ω cm2 for the Pt nanoparticles deposited by the EG 
vapor reduction and pyrolysis, respectively. The Rct values are consistent with the 







(a) 13.40 762 0.68 6.98
(b) 12.88 712 0.37 3.42
(c) 13.24 734 0.41 3.99




Figure 4.7. Nyquist plots of the ac impedances of DSSCs with Pt deposited by (a) EG 
vapor reduction and (b) pyrolysis of H2PtCl6. The Pt loading was 0.39 µg cm-2. The 
inset is the equivalent circuit. 
 
To optimize the Pt loading for DSSCs, we investigated the photovoltaic 
performance of DSSCs with different Pt loadings. The variations Jsc, Voc, FF and PCE 
with respect to the Pt loading are shown in Figure 4.8a and 4.8b. DSSCs with Pt 
nanoparticles deposited by the two methods exhibit almost the same efficiency when 
the Pt loading is 3.89 µg cm-2 or higher. The efficiencies are higher than 8% at a Pt 
loading of 7.8 µg cm-2 for Pt nanoparticles deposited by both methods. The 
photovoltaic performance of DSSCs with Pt fabricated by pyrolysis is similar to that 
reported in literature [37]. 
The photovoltaic performance of the DSSCs with Pt fabricated by the two 
methods becomes quite different at low Pt loading. When the Pt loading is lowered to 
0.78 µg cm-2, the DSSCs with Pt nanoparticles deposited by the EG vapor reduction 
outperforms that with Pt by pyrolysis. The PCE is 7.48% for the former, while it is 
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only 6.19% for the latter. The efficiency of DSSCs with Pt fabricated by the EG vapor 
reduction slightly decreases to 6.98%, while the control DSSCs with Pt fabricated by 
pyrolysis drops to 3.42%, when the Pt loading is lowered to 0.39 µg cm-2.  
When the Pt loading is further lowered to 0.19 µg cm-2, the former DSSCs still 
have a PCE of 6.61%, while the control DSSCs exhibit a PCE of only 2.19%. It is 
interesting to note that the efficiency (6.61%) of DSSCs with Pt of 0.19 µg cm-2 
deposited by the EG vapor reduction is even higher than that (6.19%) of DSSCs with 
Pt of 0.78 µg cm-2 deposited by pyrolysis. Thus, the EG vapour reduction methods 
can reduce the Pt loading to ¼ or even lower in comparison with pyrolysis which has 
been regarded as the method to deposit Pt with the highest catalytic activity as the 
counter electrode of DSSCs [26]. 
The Rct values for DSSCs devices with different Pt loadings were studied by the 
ac impedance spectroscopy (Figure 4.9). Rct increases with the decreasing Pt loading 
for Pt nanoparticles deposited by both methods, when the Pt loading is below 1 µg 
cm-2. But the Rct increase is more significant for that by pyrolysis than by the EG 
vapor reduction. The Rct values of DSSCs with Pt nanoparticles deposited by the two 
methods are consistent with the photovoltaic performance. These Rct values also 
























































Figure 4.8. Variations of (a) Jsc, Voc and (b) FF, PCE with Pt loading for DSSCs with 
the Pt counter electrode deposited by the EG vapor reduction (open circles) and 
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Figure 4.9. Variations of Rct with Pt loading for DSSCs with the Pt counter electrode 
fabricated by EG vapor reduction (open circles) and pyrolysis (solid squares) of 
H2PtCl6.  
 
The photovoltaic stability is also an important parameter for the practical 
application of DSSCs. The stability in the photovoltaic performances of DSSCs with 
Pt nanoparticles deposited by the EG vapor reduction and by pyrolysis was 
investigated over a period of 35 days (Figure 4.10). The Pt loading was 0.39 µg cm-2 
for both deposition methods. The PCE of the DSSC with Pt by the EG vapor 
reduction decreases from 6.98% to 6.25% after 35 days, while the PCE of the control 
DSSC drops from 3.42% to 2.98%. Thus, the two DSSCs have comparable stability in 
the photovoltaic efficiency. This may be related to a fact that Pt deposited by both 




Figure 4.10. Variations of (a) Jsc, (b) Voc, (c) FF and (d) PCE of DSSCs with the Pt 
counter electrode deposited by pyrolysis (solid squares) and EG vapor reduction 
(open circles). The Pt loading is 0.39 µg cm-2. 
 
4.4 Conclusions 
In conclusion, Pt nanoparticles with a size below 6 nm can be deposited through a 
solventless chemical reduction of H2PtCl6 with EG vapor at 180 oC. They have good 
adhesion to substrates and have high electrocatalytic activity. The Pt nanostructures 
deposited by the EG vapor reduction are smaller and they have higher electrocatalytic 
activity than those deposited by pyrolysis, the two-step EG solution reduction method 
and the one-step EG solution reduction method. Correspondingly, the Pt 
nanostructured deposited by the EG vapor reduction gives rise to the highest 
photovoltaic efficiency for DSCs when the Pt loading is low. Although DSCs with Pt 


























































deposited by the EG vapor reduction and pyrolysis exhibit comparable photovoltiac 
effiency at high Pt loading, their photovoltaic performances are remarkably different 
when the Pt loading is quite low. The efficiency (6.61%) of DSSCs with Pt of 0.19 µg 
cm-2 deposited by the EG vapor reduction is even higher than that (6.19%) of DSCs 
with Pt of 0.78 µg cm-2 deposited by pyrolysis.
 
The DSSCs also have good stability. 
We believe Pt depostied by this method can be an effective catalyst for other systems 
as well. Thus, this method can lead to significantly reduce the Pt loading as the 









Chapter 5. Deposition of Nanometer Truncated Tetrahedron 
Gold on Graphene through Chemical Reduction of A Gold 
Precursor with Ethylene Glycol Vapor 
5.1 Introduction 
In this chapter, a novel and simple method to deposit nanostructured Au on rGO 
film through the chemical reduction of a gold precursor, HAuCl4, in solid state with 
vapor of ethylene glycol is reported. This method allows the direct deposition of metal 
nanostructures on film at relatively fast reaction time. The nanostructured Au can 
have well-controlled shapes, such as truncated tetrahedron. Moreover, the shapes can 
be manipulated through the introduction of HCl during the chemical reduction. 
 
5.2 Experimental details 
5.2.1 Materials and chemicals 
Natural graphite powder (SP-1graphite, purity > 99.99%) with an average particle size 
of ~30 µm was purchased from the Bay Carbon Inc. Other chemicals, including 
potassium permanganate (KMnO4), sodium nitrate (NaNO3), hydrogen peroxide 
(H2O2), sulfuric acid (H2SO4), hydrochloric acid (HCl), gold (III) chloride trihydrate 
(HAuCl4·3H2O) and ethylene glycol (EG), were supplied by Sigma-Aldrich. All the 
chemicals were used as received without further purification. 
5.2.2 Preparation of rGO films 
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Graphite oxide was prepared through a modified Hummers’ process [156]. In a 
typical experiment, 1 g graphite powder was mixed with 1g NaNO3 in 48 ml of 98% 
H2SO4. 6 g KMnO4 was then slowly added under stirring in an ice bath for 90 min and 
subsequently in a water bath of 35 oC for 2 h. A 40 ml of H2O was slowly dropped 
into the mixture and followed by the additional of 100 ml H2O. Finally, a 10 ml of 
30% H2O2 solution was added into the mixture. The sediment in the mixture was 
collected by centrifugation. GO was repeatedly rinsed with 5% HCl solution and 
excessively with deionized water. It was dry-freezing with liquid nitrogen and dried 
with a Labconco Freezone freeze dryer for 2 days.  
GO films on glass were prepared by spincoating an ethanol solution consisted of 
2 mg ml-1 GO at 3000 rpm for 1 min. They were subsequently dried at 100 oC for 30 
min. The GO films were chemically reduced to rGO with Al. A 30 nm-thick Al layer 
was thermally deposited on each GO film. The reduction was carried out by immersed 
GO/Al into a 0.01 M HCl solution for 30 min. The rGO films were rinsed with 
deionized water for a couple of times and dried in air flow. 
5.2.3 Deposition of nanostructured Au on rGO films 
The deposition of Au nanoparticles on rGO was performed through the reduction of 
HAuCl4 with vapor of ethylene glycol as illustrated in Figure 5.1. In a typical 
experiment, HAuCl4 was deposited on rGO films by spin coating an acetone solution 
of 0.01M HAuCl4 at 3000 rpm. The HAuCl4 layer was dried at 50 oC for 1 min. After 
cooling down to room temperature, the rGO films deposited with HAuCl4 were 
placed near EG in a close environment at 160 oC for 15 min. The EG vaporized, and 
the EG vapor reduced HAuCl4 into nanostructured Au. 
5.2.4 Characterization of materials 
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Scanning electron microscopic (SEM) and atomic force microscopic (AFM) images 
were taken with a Zeiss Supra 40 FE SEM and a Veeco NanoScope IV Multi-Mode 
AFM with the tapping mode, respectively. Transmission electron microscopic (TEM) 
 
Figure 5.1. Novel preparation method for fabricating r-GO/Au nanostructured 
composite film.  
 
images were acquired with a JOEL JEM 3010F transmission electron microscope 
equipped with a field emission gun. The rGO/Au composite film was by 
ultrasonication dispersed in water and drop-casted on lacey carbon TEM grids. The 
UV– Vis absorption spectra of the rGO and rGO/Au nanostructures films were 
collected with a Shimadzu UV- 1800 spectrophotometer. The Raman spectra were 
obtained in a back scattering configuration using a Jobin Yvon Horiba LabRam 
HR800 Raman system with a 514.5 nm Ar+ laser as the excitation source. The laser 
power was 2mW, and the resolution was 2.4 cm-1.  
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The X-ray photoelectron spectra (XPS) were taken using an Axis Ultra DLD X-
ray photoelectron spectrometer equipped with an Al Ka X-ray source (1486.6 eV). 
The energy step size of the XPS was 1 eV for survery scans and 0.05 eV for the fine 
scans. The CasaXPS version 2.3.14 program was used to subtract the Shirley 
background, analyze the composition and deconvolute the XPS peaks. The 
deconvolutions were performed by a combination of Gaussian (80%) and Lorentzian 
(20%) distributions. The survey and fine scan XPS spectra were calibrated with the 
sp2 C1s band at 284.5 eV and the deconvoluted peak of sp2 hybridized carbon at 284.5 
eV, respectively. The film thicknesses were determined by AFM. 
 
5.3 Results and discussion 
5.3.1 Characterization of GO and rGO films 
rGO films were prepared on glass through the chemical reduction of GO with 
thermally deposited Al. Uniform GO films can be formed on glass substrate by spin 
coating GO solution due to the hydrophilic nature of both GO and glass substrate. The 
GO film is subsequently coated with a layer of thermally evaporated Al. The 
reduction of GO film into rGO film is carried out by dipping the GO film into a 0.01 
M HCl solution for 15 min at room temperature. This method offers several 
advantages. Firstly, it does not require toxic reducing agent such as hydrazine. Also, 
the reduction process of GO by hydrazine usually involve temperature higher than 
room temperature (40–100 oC). Al rather than Zn is used for the reduction of GO 
because Al is easily available and can be readily deposited by thermal evaporation. 
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Al has higher reducing capability than Zn. The GO film coated with 30 nm-thick 
Al was immersed into 0.01 M hydrochloric acid for 30 min [157,158]. HCl solution 
provides protons for the GO reduction GO + aH+ + be- → rGO + cH2O. The GO film 
slowly reduced to rGO film with the initial color of yellowish-brown into black color 
film. Figure 5.2 shows the UV-Vis absorption spectra of GO and rGO films. The 
absorption peak at 227 nm on the absorption spectrum of GO is the pi → pi∗ transition 
of aromatic C=C bonds. After the reduction of GO film by Al metal, the absorption 
band shifts to 268 nm, which suggests that the electronic conjugation within the 
graphene sheets was restored upon the reduction of Al in mild hydrochloric acid. This 
indicates the GO film is successfully reduced by Al in acidic medium. 
The compositional analysis of GO and rGO was investigated by XPS. Figure 
5.3a shows the C1s deconvolution spectrum of GO, revealing the presence of four 
components the carbon bond: C-C (284.6 eV), C-O (286.6 eV), C=O (287.9 eV) and 
O-C=O (288.7 eV). After the GO was reduced, the corresponding XPS spectrum of 
the rGO shows that the intensity of the peaks associated with C-C (284.6 eV) became 
predominant, while the intensities of C-O (286.5 eV) and C=O (287.9 eV) decreased 
dramatically, suggesting that the GO has been well deoxygenated to form rGO 
(Figure 5.3b). 
Figure 5.4 presents the TEM of an rGO film. The lattice structure can be 
observed by the SAED. The SEM image of rGO film deposited on glass substrate is 
shown in Figure 5.5. This large area of rGO sheets tend to fold and crumple each 
other. The continuous rGO film consists of multiple layers of rGO sheets stacking 
together which can be revealed by different contrast under SEM imaging. 
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Figure 5.2. Normalized UV-Vis absorption spectra of GO and rGO films on glass. 

























































5.3.2 Characterization of nanostructured Au/rGO composites 
Au nanoparticles were deposited on rGO through the chemical reduction of HAuCl4 
in solid state with EG vapor. The nanostructured Au/rGO composites were 
characterized by XPS and XRD. The two XPS bands at 87.6 and 83.9 eV are the 4f 
doublet (4f7/2 and 4f5/2) bands of metallic Au, respectively (Figure 5.6). The XPS 
spectrum evidences the metallic Au after on rGO. The crystal structure of Au is 
revealed by XRD (Figure 5.7). The intense XRD band at 2θ  = 38.5o corresponds to 
the {111} plane of metallic Au. This indicates that the top surface of the Au 
nanostructures is the {111} plane.  
The nanostructured Au/rGO composite was investigated by TEM (Figure 5.8). 
Au nanostructures with an average edge length of about 72 nm were observed. The 
Au nanostructures are individually grown on the basal plane of rGO. The high-
resolution transmission electron microscopy (HRTEM) of a small truncated 
tetrahedron with an edge length of 10 nm was taken. The observed lattice fringe of 
truncated tetrahedron Au nanostructures is 2.35±0.05 Å (Figure 5.8b). This distance 
is consistent with the interplane spacing of the {111} plane of the face-centered cubic 
(FCC) Au.  
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Figure 5.6. SEM images of rGO film deposited on glass substrate. 
















Figure 5.7. XRD peak of truncated tetrahedron Au nanostructures deposited on rGO 




SEM images of rGO/ truncated tetrahedron Au nanostructures composite films 
are shown in Figure 5.9a. Upon the reduction of 10 mM HAuCl4 (7.9 µgcm-2) by EG 
vapor, there are majority of truncated tetrahedron Au nanostructures grow on the 
basal plane of rGO sheets. Through the statistic analysis, the occurrence of truncated 
tetrahedron Au nanostructures is about 67 %. The average edge length of these 
truncated tetrahedron Au nanostructures is 71 nm in size. These truncated tetrahedron 
Au nanostructures were uniformly distributed on the rGO film (Figure 5.9b). The 
morphology of rGO film and thickness of truncated tetrahedron Au nanostructure are 
examined by AFM with the tapping mode (Figure 5.10). This truncated tetrahedron 
Au nanostructure has a thickness of 31.8 nm.  
 
Figure 5.8. (a) TEM and (b) HRTEM images of truncated tetrahedron Au 
nanostructures decorated on rGO sheets. Inset: SAED pattern of truncated tetrahedron 





Figure 5.9. SEM images of truncated tetrahedron Au nanostructures deposited on 
rGO film with Au loading of 7.9 µgcm-2 at (a) high magnification and (b) low 
magnification. 
 
Figure 5.10. AFM image of (truncated tetrahedron of Au nanostructure deposited on 
rGO film prepared with Au loading of 7.9 µgcm-2. 
 
Two absorption peaks were observed on the UV-Vis absorption spectrum of 
rGO/Au nanocomposites (Figure 5.11). The peak at 270 nm originates from rGO, and 
the peak at 560 nm is the surface plasmon band of Au nanostructure. According to 
literature, Au nanostructures with the size of about 70-100 nm tends to have red-shift 
in their characteristic peak position at 570-580 nm. [159]. Also, at very low Au 







be detected. However, upon increasing the Au loading, the peak corresponds to gold 
surface plasmon resonance is significantly increased. 
Since the deposition of Au nanostructures on rGO films involves the nucleation 
and growing processes of Au atoms resulting from the chemical reduction of HAuCl4. 
The precursor loading significantly affects the shape and the size of the Au 
nanostructures (Figure 5.12). At high Au loading of 78.8 µg cm-2, larger Au 
nanostructures with average edge length of about 95 nm was observed. This can be 
attributed by the supplying of Au atoms to the through the chemical reduction of 
HAuCl4. In addition, Au nanostructures with polyhedral shapes, for examples, 
decahedral, hexagonal and other irregular shapes were obtained. When the Au loading 
reduced to 39.4 µg cm-2, the average edge length of the truncated tetrahedron Au 
nanostructures decreased to 87 nm. Further reduction in Au loading to 19.7 µg cm-2, 
the average edge length of truncated tetrahedron Au nanostructures was 78 nm. 
Subsequent reduction of Au loading to 3.9 µg cm-2, the average edge length of 
truncated tetrahedron Au nanostructures was significantly reduced to 27 nm. A 
majority (about 67%) of well-defined truncated tetrahedron Au nanostructures can be 
achieved when the Au loading of 7.9 µg cm-2 was used. As a result, the size and the 
shape of Au nanostructures can alter by controlling the Au loading on rGO film. 
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Figure 5.11. UV-vis spectra of truncated tetrahedron Au nanostructures deposited on 
rGO film with different Au loading at 160 oC by EG vapor. 
 
 
Figure 5.12. SEM images of four samples illustrating the variation in morphology 
when different Au loadings were involved during the synthesis of Au nanostructures 
at 160 oC. Au loading of (a) 78.8 µgcm-2, (b) 39.4 µgcm-2, (c) 19.7 µgcm-2, and (d) 3.9 
µgcm-2 were used. 
200 nm 200 nm





5.3.3 Effect of acid on the shape of Au nanostructures 
The Au atoms can be produced by reducing a precursor with EG vapor through the 
following steps [160,161]: 
2HOCH2CH2OH → 2CH3CHO + 2H2O    (5.1) 
AuCl42- + 2CH3CHO → CH3CHO-OHCCH3 + Au + 2H+ + 4Cl- (5.2) 
The morpholohy of Au nanostructures is related to the surface energy. Au has a 
face centered cubic structure. The surface energies of Au for (111), (100) and (110) 
facets are 1.283, 1.627 and 1.700 J m-2, respectively [16]. The (111) facet has the 
lowest surface energy among all the facets. Therefore, Au nanostructures tends to 
grow with (111) facets. However, by drop casting 50 µl of different concentration of 
HCl on rGO film (1.25 × 1.25 cm2), the morphology of Au nanostructures is greatly 
affected (Figure 5.13). In the absence of HCl solution, we obtained mostly truncated 
tetrahedron Au nanostructures (Figure 5.9).  
By incorporating 0.1 M HCl, the truncated tetrahedron Au nanostructures started 
to develop into square-like nanoplates (Figure 5.13a). When the concentration of HCl 
acid increased into 0.5 M, well-defined square-like nanoplates was formed (Figure 
5.13b). Further increased in the concentration of HCl acid into 1.0 M, rounded-corner 
square-like nanoplates were formed (Figure 5.13c). At HCl concentration of 2.0 M, 
the square-like Au nanoplates was disappeared (Figure 5.13d). These results imply 
that the over etching could be disadvantageous to the formation of uniform square-
like nanoplates. The morphology of Au nanostructures is affected by the nucleation 
and growth. This phenomenon can be understood from Le Chatelier’s principle. Upon 
addition of more HCl, the net reaction rate of AuCl42- towards right (5.1 and 5.2) is 
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greatly reduced through the selective etching from proton (H+). In other words, the 
presence of acid can sluggish the formation of Au nanostructures. 
In order to separate the roles played by proton and chloride, we replaced HCl 
(0.5 M) with H2SO4. SO42- ions from H2SO4 should have negligible effect on the 
synthesis. Figure 5.14a shows a typical SEM image of the product of square plate-
like Au nanostructures. By further confirm the effect of H+ in shaping the Au 
nanostructures, a 0.5 M of LiCl was incorporated during the reduction of HAuCl4 into 
Au by EG vapor. Truncated Au nanostructures can be observed as shown in Figure 
5.14b. This observation implies that H2SO4 alone is able to induce the etching of Au 
seeds and channel the production of square plate-like nanostructures of Au. 
 
Figure 5.13. Influence of HCl concentration on the morphology of Au nanostructures. 
SEM images of Au nanostructures were taken from samples prepared with Au loading 










Figure 5.14. SEM images of Au nanostructures synthesized with 0.5 M of (a) HCl 
and (b) LiCl. 
 
5.4 Conclusions 
In conclusion, we have successfully deposited Au nanostructures on rGO film without 
the presence of binder and surfactant. The shape of Au nanostructures can be altered 







Chapter 6. In Situ Deposition of Ag Nanostructures on 
Cotton Fabric Through The Solid-state Reduction of Ag 
Precursor and Their Antimicrobial Activity 
6.1 Introduction 
In this work, a novel and facile method to attach Ag nanostructures onto textile 
via the chemical reduction of AgNO3 in solid state with EG vapor is reported. In 
addition, the attachment of Ag nanostructures on textile through the chemical 
reduction of AgNO3 with acetaldehyde at room temperature is further demonstrated. 
This is beneficial for depositing Ag nanostructures on textile since textile requires 
relatively low processing temperature. Advantages to the process include its limited 
use of chemicals, its scalability and fast reaction time. The chemical reduction can be 
completed in 30 mins with the formation of Ag nanostructures onto fabrics. The 
textiles with Ag nanostructures were also tested for its antimicrobial functionalities 
and were found effective against both Gram-negative and Gram-positive bacteria. 
 
6.2 Experimental details 
6.2.1 Materials and chemicals 
Untreated cotton textiles, polyester fabric and silk fabric were used as received. 
AgNO3, acetonitrile and ethylene glycol (EG) were supplied by Sigma-Aldrich. All 
the chemicals were used as received without further purification. 
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6.2.2 Preparation of Ag nanostructures on cotton fabric 
The cotton fabrics, polyester fabric and silk with dimension of 5 × 5 cm2 were used. 
There are two methods employed during the preparation of Ag nanoparticles on 
textile. The first method involves the chemical reduction of AgNO3 by EG vapor. In a 
typical experiment, 0.5 ml of 10 mM AgNO3 solution in acetonitrile was dropped 
onto a cotton fabric sample. It was then dried at 80 oC for 5 min. After cooling down 
to room temperature, the cotton coated with AgNO3 was placed about 1 cm away 
from a petri dish containing EG on a hot plate at 120 oC for 30 min. A glass cover was 
used to cover the cotton and EG. EG vaporized, and the EG vapor reduced AgNO3 
into Ag. This process can generate the attachment of Ag nanoparticles onto cotton 
fabric with a Ag loading of 0.02 mg cm-2. The second approach is to reduce AgNO3 
by acetaldehyde. Typically, 0.1 M AgNO3 and 20 µl of ammonia were mixed in 
deionized water.  A 0.5 ml of the mixture was drop-casted onto a cotton fabric and 
dried under ambient environment. A 0.5 ml of acetaldehyde solution was then drop-
casted on the fabric coated with AgNO3 precursor. The acetaldehyde reduced the 
precursor into Ag at room temperature and the excess acetaldehyde solution vaporized 
because acetaldehyde has boiling point of 20 oC. 
6.2.3 Characterization of Ag/cotton 
Scanning electron microscopic (SEM) images were taken with a Zeiss Supra 40 FE 
SEM. Transmission electron microscopic (TEM) images were acquired with a JOEL 
JEM 3010F transmission electron microscope equipped with a field emission gun. Ag 
nanoparticles coated on the cotton fabric was removed by nitric acid. The extracted 
Ag nanoparticles were then drop-casted on TEM copper grid prior for TEM imaging. 
The X-ray photoelectron spectra (XPS) were taken using an Axis Ultra DLD X-ray 
112 
 
photoelectron spectrometer equipped with an Al Kα1 X-ray source (1486.6 eV). The 
energy steps of the XPS were 1 eV for survey scans and 0.05 eV for the fine scans, 
respectively. The CasaXPS version 2.3.14 program was used to subtract the Shirley 
background, analyze the composition and deconvolute the XPS peaks. The 
deconvolutions were performed by a combination of Gaussian (80%) and Lorentzian 
(20%) distributions. The positions of the XPS bands were calibrated with the C1s 
XPS band at 284.5 eV.  
The Ag loading on cotton was measured by Inductive Coupled Plasma (ICP) 
through bleaching out the Ag from cotton cloth with HNO3. The leaching of Ag 
nanoparticles from cotton was studied by immersing the cotton fabric coated with Ag 
into deionized water for 30 days. The deionized water was then collected for ICP 
measurement with intervals of 5 days. The adhesion of Ag nanoparticles on cotton 
was examined in stimulated human sweat with added NaCl in mild hydrochloric acid 
(~ pH 5) solution for 5 days. Also, the leaching test was measured on the cotton fabric 
functionalized with Ag nanostructures in deionized water at 60 oC for 5 days. These 
solutions were collected for ICP measurement.. 
6.2.4 Antimicrobial testing of Ag/cotton 
The anti-bacterial efficiency of the functionalized cotton fabrics was quantified using 
a procedure adopted from a standard test method (ASTM E2149-10). In our study, the 
anti-bacterial efficiency of the material was tested against representative Gram-
negative and Gram-positive bacteria: Escherichia coli ATCC® 25922™ and 
Staphylococcus epidermidis ATCC® 12228™ respectively. Briefly, cotton fabric 
samples (both functionalized samples and as-received samples) were cut into 15 mm 
by 15 mm square pieces and sterilized in 70% ethanol for at least 15 minutes. The 
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samples were allowed to air-dry overnight in a sterile hood to ensure the complete 
removal of any solvent. The sterile functionalized cotton and as-received cotton 
samples (containing no Ag nanoparticles) were then added to flasks containing 50 ml 
of bacteria culture (~ 1.5-3.0×105 CFU/ml). Concurrently, the flasks were then 
incubated at 35 °C on an orbital shaker running at 225 rpm for a period of 1 hour. 
After 24 hour of incubation, the concentrations of viable bacteria in the flasks were 
enumerated using serial dilution and standard plate count method. Percentage 
bacterial reduction was calculated using the following equation: 




where A is the colony-forming units per milliliter for the flask containing the 
functionalized sample after 1 hour of contact time and B is the colony-forming units 
per milliliter for the flask containing the as-received cotton fabric after 1 hour of 
contact time. 
 
6.3 Results and discussion 
6.3.1 Characterization of Ag/cotton 
The chemical reduction of AgNO3 with EG vapor gives rise to Ag nanoparticles 
attached to fabrics. Figure 6.1 shows the SEM images of Ag nanostructures on cotton 
deposited at Ag loading of 0.2 mg cm-2. Smooth surface of cotton fabric before 
depositing with Ag nanoparticles is demonstrated in Figure 6.1a. After the in-situ 
attachment of the Ag nanostructures, the homogeneous deposition of Ag 
nanostructures on the cotton fabric is observed. The particle size distribution of Ag 
nanostructures on cotton fabric was measured by randomly selecting 100 particles 
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from Figure 6.1b. The measured average particle size of Ag nanostructures deposited 
on the surface of cotton fabric is about 130 nm. Some of the particles developed in 
cubic structure.  
Figure 6.2 shows the XPS spectra of the chemical conversion from AgNO3 to 
metallic Ag. Two Ag3d bands were observed at 375.7 and 369.7 eV for AgNO3 shift to 
368.1 and 372.2 eV, respectively [162]. This indicates that the Ag+ had been 
completely reduced to metallic Ag at temperature 120 oC. 
The structure of the Ag nanoparticles was investigated by XRD (Figure 6.3). 
The XRD peaks at 2θ = 38.30o, 44.58o, 64.58o, 77.57o and 81.68o correspond to the 
(111), (200), (220), (311) and (222) planes of Ag FCC structure. The presence of Ag 
on cotton is further confirmed by EDX as indicated in Figure 6.4. The detection of 
carbon and oxygen were due to the presence of both of them in the chemical structure 
of the cotton fabric.  
 
Figure 6.1.  SEM images of (a) blank cotton fabric and (b) cotton fabric attached with 
Ag nanoparticles deposited on cotton fabric prepared by solid-state reduction of EG 





























Figure 6.2. XPS spectra of (a) AgNO3 and (b) Ag nanoparticles deposited on cotton 
fabric prepared by solid state reduction of EG vapor at 120 oC. 
 















(200) (220) (311) (222)
 
Figure 6.3. XRD peaks of Ag nanoparticles deposited on cotton fabric prepared by 
solid state reduction of EG vapor at 120 oC. 
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Figure 6.4. EDX spectrum of Ag nanostructures deposited on cotton fabric prepared 
by solid-state reduction of EG vapor at 120 oC. 
 
The leaching profile of the nanoparticles into the surroundings media is an 
important parameter for its adoption in everyday use. The adhesion of Ag 
nanostructures on cotton fabric was examined by immersing the cotton fabric coated 
with Ag nanostructures (dimension of 1 × 1 cm2) into 50 ml deionized water for 30 
days. The amount of Ag leaching out from the cotton fabric was measured by ICP. 
Figure 6.5 shows the adhesion of different Ag loadings deposited on cotton fabric. At 
Ag loadings below 0.02 mg cm-2, there is no Ag element detected in the deionized 
solution after soaking for 30 days. However, small amount of Ag with 0.18 ppm and 
0.06 ppm were detected on Ag loadings of 0.2 mg cm-2 and 0.1 mg cm-2 after soaking 
for 5 days, respectively. In addition, cotton fabric functionalized with Ag 
nanostructures at 0.01 mg cm-2 was used to further examine the Ag leaching out from 
the fabric in stimulated human sweat at pH 5 with addition of NaCl and deionized 












Ag loading = 0.2 mgcm-2

















Ag loading  of 0.01 and
 0.005 mgcm-2
 
Figure 6.5. ICP measurement of different Ag nanostructures leaching out from cotton 
fabric. 
 
6.3.2 Effect of experimental conditions on the morphology of Ag 
nanostructures 
The morphology of Ag nanostructures can be controlled by altering the Ag NO3 
concentration. They can be controlled by altering the AgNO3 concentration. SEM 
images were taken on Ag nanostructures deposited from different amount of AgNO3. 
As shown in Figure 6.6, the morphology of Ag nanostructures was sensitive to the Ag 
concentration. Different particle sizes were observed. The Ag nanoparticles deposited 
from 0.2 mg cm-2 AgNO3 had an average diameter about 130 nm (Figure 6.1). 
Smaller Ag nanoparticles with an average diameter about 80 nm could be observed, 
when the AgNO3 amount was reduced to 0.1 mg cm-2 (Figure 6.6a).  There were 
smaller Ag nanoparticles when the AgNO3 amount was further decreased to 0.01 mg 
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cm-2. At AgNO3 amount of 0.005 mg cm-2, the size of Ag nanoparticles shrinks to 
about 15 nm.  
This method was explored to deposit Ag nanostructures on polyester fabric and 
silk fabric, because these fabrics are widely used in textile industry. Figure 6.7 shows 
the deposition of Ag nanostructures on polyester fabric and silk fabric. Higher density 
of Ag nanostructures is deposited on silk fabric. This could be attributed to their 
functional group.  Silk consists of free carboxyl groups that can serve as binding sites 
for metal ion solutions. Also, deprotonated amino and amide nitrogen atoms in silk 
plays important role in coordinating metal ions. Therefore, many Ag nanoparticles 
appeared on the silk fabric. In contrast to silk fabric, less but larger Ag nanoparticles 
are observed on polyester fabric [163-165]. 
 
Figure 6.6. SEM images of different Ag loadings (a) 0.1, (b) 0.01 and (c) 0.005 mg 










Figure 6.7. SEM images of Ag nanostructures deposited on (a) polyester fabric and 
(b) silk fabric through EG vapor reduction at 120 oC. Ag loading was kept constant at 
0.2 mg cm-2 for both fabrics. 
 
The chemical reduction of AgNO3 by EG vapor requires minimum temperature 
of 120 oC. This high processing temperature may not be suitable for fabrics. We 
attempt to chemically reduce the AgNO3 at lower temperature by replacing the 
reduction agent from EG to acetaldehyde. Acetaldehyde has boiling point of 20 oC. 
Thus, Ag ions can be reduced into metallic Ag by acetaldehyde at room temperature 
without subjecting to heat. SEM image of Ag deposited on cotton by acetaldehyde 
was taken (Figure 6.8). The Ag nanostructures appeared as cubic structures. The 








Figure 6.8. SEM image of Ag nanostructures deposited on cotton fabric through the 
chemical reduction of AgNO3 by acetaldehyde at room temperature. Ag loading of 0.2 
mg cm-2 was used. 
 
6.3.3 Antimicrobial testing 
The testing of anti-microbial efficiency on anti-bacterial textiles using American 
Society Testing and Material (ASTM) standard test method (Designation: E 2149-10) 
was previously reported [190,191]. In our study, the anti-microbial efficiency of the 
Ag coated cotton fabric was tested against Gram-negative E. coli and Gram-positive 
S. epidermidis. The results were presented in Table 6.1. From the bacterial reduction 
results, both functionalized cotton fabric with different Ag loading of 0.2 mg cm-2 and 
0.1 mg cm-2 were found to be effective against E. coli and S. epidermidis with at least 
99.9% reduction in viable bacterial after 1 hour of dynamic contact in aqueous media. 
This means that Ag loading of just 0.1 mg cm-2 on the cotton fabric was sufficient to 




hour. The effective lower limit of the Ag loading may potentially be lower than 0.1 
mg cm-2. The images of bacteria colonies are illustrated in Figure 6.9. 
 
 
Figure 6.9. Images of E. coli bacteria colonies in (a) “inoculums only” and (b) blank 
cotton after dilution to the factor of 103, while petri dish after loaded with Ag loading 




Table 6.1. Antimicrobial activity of Ag coated cotton against Gram-negative, E. coli 
(ATCC 25922) and Gram-positive, S. epidermidis (ATCC 12228) bacteria. The viable 
bacteria were monitored by counting the number of bacteria colon-forming units 




In conclusion, our solid-state reduction of EG vapor has provided a new avenue for an 
effective in-situ deposition of Ag nanostructures on cotton fabrics without the 
presence of surfactant or capping agents which remains as impurities on cotton fabric. 
The chemical reduction of AgNO3 by acetaldehyde can be completed at room 
temperature. This low processing temperature is suitable for fabric. Consequently, the 
Ag nanostructures show good adhesion to the fabric. The Ag nanostructures coated on 
cotton fabric exhibit good antibacterial properties against Gram-negative, E. coli and 
Gram-positive, S. epidermidis after 1 h. This Ag coated cotton can have potential 
applications in medicine such as wound dressing. 
  
CFU ml-1 N/No % reduction in 
viability
E. coli
Clean cotton (without Ag) 1.14 × 105 1 100
Ag loading 0.2 mg cm-2 <30 <0.003 >99.97
Ag loading 0.1 mg cm-2 <30 <0.003 >99.97
S. Epidermidis
Clean cotton (without Ag) 1.96 × 105 1 100
Ag loading 0.2 mg cm-2 <30 <0.002 >99.98
Ag loading 0.1 mg cm-2 <30 <0.002 >99.98
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Chapter 7. Conclusions and future perspectives 
7.1 Summary  
In this thesis, nanostructured metals have successfully synthesized by our novel 
methods. The advantages of these methods include the in-situ formation of metal 
nanostructures onto the substrates with good adhesion, without the presence of 
binding agents. Several morphologies of nanostructured metals have been developed 
by these methods, which are summarized in Table 7.1. The formation of different 
morphologies of metal nanostructures is related to the surface energy of the metals. 
These metal nanostructures have applications in the counter electrodes of DSSCs, fuel 
cells and antimicrobial activity. The important results in this research work are 
summarized as follows: 
1. The first approach is to deposit Pt nanoparticles with good adhesion to FTO 
substrate. The deposition involves the solution processing and chemical 
reduction of H2PtCl6 at 160 oC. This method involves the nucleation of metal 
atoms in solution, since the EG is drop casted onto the substrate.  The EG 
disappears shortly after the formation of Pt nanoparticle causing them to have a 
high surface energy during the deposition. Consequently, the Pt nanoparticles 
can have good adhesion to the substrates. The applications of these Pt 
nanoparticles as electrochemical catalyst were demonstrated in the oxidation of 
methanol and as the counter electrode of DSSCs. 
2. The second approach is to deposit nanostructured metals onto various substrates 
through the solvent-free chemical reduction of the metal precursors by EG 
vapor. No surfactant, seed, template or additive is added during the chemical 
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reduction and metal deposition. The chemical reduction takes place at a 
temperature below 200 oC and can be completed in a couple of minutes. The 
deposition of Au, Pt, Ag and Pd on conducting substrates was demonstrated. 
These metal nanostructures have different morphologies. The Au nanostructures 
have two-dimensional structures with the majority being triangular nanoplates 
when the Au loading is low. In contrast, the Pt nanostructures have three-
dimensional porous structure, while Pd shows dendritic structures. The 
mechanism of formation for different morphologies of these nanostructured 
metals are related to the surface energies of these metals.   
3. This solvent-free chemical reduction of metal precursors by EG vapor method is 
extended to deposit Pt on FTO glass. This method can significantly lower the Pt 
loading used in DSSCs counter electrode. The efficiency (6.61%) of DSSCs 
with Pt of 0.19 µg cm-2 deposited by the EG vapor reduction is even higher than 
that (6.19%) of DSSCs with Pt of 0.78 µg cm-2 deposited by pyrolysis.
 
The 
DSSCs also have good stability.  
4. Graphene films and decorated graphene films with truncated tetrahedron Au 
nanostructures have successfully prepared. This approach can avoid the 
agglomeration of graphene sheets. In addition, well-distributed Au 
nanostructures on the planar structure of graphene films can be achieved. The 
size and shape of Au nanostructures can be manipulated by controlling the Au 
loading and the addition of acid. The Au nanostructures/ graphene composites 
can be potentially used in biosensor. 
5. This method is also used to deposit Ag nanostructures on textiles. Textiles 
functionalized with Ag nanostructures can impede the growth of bacteria. The 
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Ag nanostructures have demonstrated good adhesion to the textiles and excellent 
antibacterial activities against Escherichia coli (Gram-negative) and 
Staphylococus epidermidis (Gram-positive) bacteria, which are found 
commonly on the human skin after 1 hour of dynamic contact in aqueous media. 
7.2 Future perspectives 
Since the solvent-free chemical reduction of metal precursors by EG vapor method is 
versatile and scalable, this method can be used in many systems. The following 
recommendations are proposed for further study: 
1. This thesis mainly reports on the application of nanostructured metals in 
catalysis. The deposition of Au/Ag on substrate has important usage in surface 
enhanced Raman scattering (SERS). More works can be carried out in future to 
deposit metal nanostructures on substrates for the application of metal 
nanostructures in SERS.  
2. It has been reported in the literatures that metal nanostructures can enhance the 
photoluminescence (PL) due to the surface plasmons effect. Therefore, this 
enhancement in PL can be utilized to enhance the light absorption in either 
organic photovoltaic or DSSCs. 
3. This main emphasis of this thesis is the synthesis of single metal nanostructures. 
This method can also be applied in synthesizing alloy or bimetallic systems such 
as Pd-Pt. Currently, the preparation of alloy systems involves the chemical 
reduction of the Pd precursors to Pd nanoparticles and subsequently attaching 
the Pt nanoparticles on these Pd nanoparticles. Our novel method could allow 
the synthesis of alloy systems in single step by the mixing both of the Pd and Pt 
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precursors. The homogeneous mixture of Pt and Pd precursors at the atomic 
level enables the instantaneous reduction of both the Pt and Pd ions to Pd/Pt 
alloy. Therefore, a well-mixed alloy at the atomic level can be achieved through 
this method. 
 
Table 7.1. Summary of the metal nanostructures morphologies developed by solution 




Metal Method Substrate Morphology
Pt Two-step solution FTO glass Porous
Pt Two-step vapor FTO glass Porous




Au Two-step vapor Graphene Truncated 
tetrahedron
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